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ABSTRACT 
 
The negative impacts of climate change are exacerbated for some tropical countries, 
which face water shortages due to technological limitations and lack of appropriate 
environmental mitigation. Water accessibility in these regions depends heavily on rainfall caused 
by the seasonal migrations of the intertropical convergence zone (ITCZ). Thus, the ability to 
adequately forecast the future behavior of this tropical rain belt under the current and projected 
path of global CO2 emissions and warming is of tremendous interest. Many problems related to 
forecasting tropical rainfall are due to the complexity of modeling several scales of cloud 
dynamics and their interaction with the climate system. In the last decade, improved computing 
power has facilitated more robust climate simulations and therefore reduced some uncertainties 
regarding precipitation forecasts, however there are still persistent issues related to the efficacy 
of these models in replicating the real structure of the ITCZ. For these reasons, paleoarchives 
including speleothems, ice cores, sediment records, tree rings, corals, mollusks and others are 
useful to test the effectiveness and accuracy of climatic models in reconstructing aspects of 
regional climate. In particular, long and continuous proxy archive records spanning centuries to 
millennia can reveal needed information about the behavior of the climate system during 
different boundary conditions (for example, glacial versus interglacial periods). For example, 
understanding the extent of latitudinal movements of the ITCZ during millennial climatic 
oscillations (Dansgaard-Oeschger; DO and Heinrich events; HE) is essential to improve climate 
model output. Specifically, the study of the tropical rainfall response to DO and Heinrich events 
could provide important insights about how the climate system balances, through both 
atmospheric and oceanic circulation, asymmetrical temperature increases over intervals 
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considerably shorter than orbital time scales where changes in the thermal balance of the planet 
are more evident. Although there is compelling evidence about the behavior of tropical rainfall 
variations in response to DO and Heinrich events, the extent and magnitude of these changes is 
poorly constrained. Furthermore, the potential importance of the ocean in forcing or modulating 
tropical climate over these time scales is of wide interest. Despite this, however, few continuous, 
long-term, hydroclimate records exist from locations sensitive to ITCZ dynamics.  
 
In this study, we provide a stable oxygen isotope record constrained by 23 uranium-
thorium dates from four partially overlapping stalagmites collected in the eastern Colombian 
Andes spanning the last 50 kyr. Both cave sites, Hipocampo and Finca Caracol (hereafter HFC) 
caves, are located at ~6 °N where the mean annual climatological cycle presents a bimodal 
rainfall pattern controlled by the seasonal migrations of the ITCZ. When compared with other 
South American records, this precipitation-sensitive composite record indicates that the 
continental ITCZ over South America experienced orbital-scale drifts and millennial-scale 
oscillations (dry/wet) during the last 50 kyr in concert with well-recognized climatic phenomena 
such as DO and HE. Our results suggest a poleward migration of the ITCZ towards the southern 
hemisphere from part of the early Holocene to the middle Holocene following changes in the 
boreal summer insolation, and from 50 kyr towards the last glacial maximum accompanying 
changes in global ice volume. On millennial time scales, the HFC record shows variable 
response to DO and Heinrich events sometimes displaying coherent responses with records north 
and south of the equator. During the largest DO events, the HFC record reveals reduced rainfall 
in phase with other regional southern hemisphere records, while weaker DO events are 
coincident with wet conditions in Colombia and in phase with other northern South American 
vi 
 
 
records. These results suggest a possible relationship between the magnitude of the temperature 
anomalies in the North Atlantic and the degree of displacement of the ITCZ. During glacial 
Heinrich events the HFC record is wet and coherent with records from the southern hemisphere 
indicating that latitudinal movements of the ITCZ were relatively small. Moreover, precipitation 
increases in Colombia and Peru during HE suggest that the ITCZ was also wider. Paleo-
productivity and wind speed proxy records sensitive to northwest trade wind strength indicate 
stronger northern hemisphere Hadley cell circulation and provide support for a wider ITCZ, 
which is necessary to balance mass and energy by these stronger trades.   
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CHAPTER 1. LITERATURE REVIEW AND STUDY AIMS 
 
Literature Review  
 
Dynamics of the intertropical convergence zone (ITCZ) 
 
Most of the rain on the planet is located in the intertropical convergence zone (ITCZ), a 
narrow band of tropical clouds characterized by intense rainfall. Although there is no universal 
definition, the ITCZ is classically defined as a region close to the equator of convergence of 
trade winds, low atmospheric pressure, ascendant air, deep convective clouds and intense 
rainfall (Henderson-Sellers and Robinson, 1986; Zhang, 2001; Hastenrath, 2002; Poveda et al., 
2006). Within the global atmospheric circulation system, the ITCZ is the rising branch of the 
Hadley cell (Fig. 1). This tropical atmospheric circulation cell is present in each hemisphere and 
extends latitudinally from the equator to ~30° north and south, where surface winds outside the 
tropics flow toward the equator. Here the surface winds converge and rise, driven by intense 
warming of Earth’s surface and the overlying atmosphere, creating clouds (adiabatic cooling) 
and precipitation, ultimately releasing vast amounts of latent heat (Henderson-Sellers and 
Robinson, 1986). The air mass rising in the ITCZ moves upward toward the stratosphere where it 
diverges and begins to travel poleward. As the air flows laterally, it is further cooled 
adiabatically via emission of longwave radiation, whereby its density increases and the air mass 
finally descends (Henderson-Sellers and Robinson, 1986). Within the Hadley cell, the 
descending air is adiabatically warmed, so it arrives back at the surface as a relatively dry air 
mass. Most of the world’s deserts are located near the descending branch of the Hadley cell 
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(Henderson-Sellers and Robinson, 1986). Once back at the land surface it diverges and its path is 
deflected by Coriolis, thus becoming the trade winds and completing the cell 
circulation (Henderson-Sellers and Robinson, 1986). Consequently, the ITCZ constitutes a 
critical component of the Hadley circulation by providing much of the energy necessary to 
continue the entire overturning circulation through heat release. This circulation is also an 
important aspect of the global energy budget contributing to heat transfer poleward and to net 
planetary albedo due to its large amount of clouds (Waliser et al., 2014).   
  
 
 
Figure 1. Graph on left qualitative explains the relationship between the ITCZ mean position and the divergence of meridional flux (meridional 
velocity (v) of moist static energy (h); <  > ) under normal conditions (red) and under decreased cross equatorial heat flux (green). The graph 
exemplifies the relationship between the location of the ITCZ and the area where vertically integrated mass fluxes in the Hadley circulation 
diverge and change sign. The cartoon on the right shows the annually averaged mass overturning stream function expressed in Sverdrup over a 
general surface winds map, showing the location of trade wind convergence. The mass overturning stream function shows the mean annual 
structure of the Hadley circulation, and the ITCZ located north from the equator in between the circulation cells. Note the wider southern 
hemisphere Hadley cell and the narrower northern hemisphere Hadley cell product of an annually stronger circulation in the southern hemisphere. 
Circulation is clockwise in the northern hemisphere cell (red) and counterclockwise in the southern hemisphere cell (blue). Graph modified from 
Bischoff et al., (2014) and cartoon modified from Donohoe et al., (2013). 
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During its annual cycle, the ITCZ and associated rainfall migrate latitudinally towards the 
warmer hemisphere following the seasonal cycle of solar insolation (Henderson-Sellers and 
Robinson, 1986).  Thus, the rainy seasons coincide in tropical areas of the northern (southern) 
hemisphere with the boreal (austral) summer. As a result, during July the ITCZ migrates into 
the Atlantic and Pacific oceans between 5-10°N, and more dramatically ~25°N into the interior 
of Asia. Alternatively, during January the ITCZ can be located around 15°S on land, while over 
the ocean it is positioned near the equator (Henderson-Sellers and Robinson, 1986; Poveda et al., 
2006).  
 
Despite our understanding of modern ITCZ processes, several knowledge gaps persist in 
the literature regarding the past behavior of the ITCZ. The following aspects of ITCZ are 
particularly poorly constrained: 1) the role ocean circulation plays in modulating ITCZ 
variability during large or rapid climate change events (Heinrich and DO events); 2) the 
magnitude and extent of ITCZ latitudinal movements during DO and Heinrich events during 
glacial periods; 3) the structure of the ITCZ (mean location, width, variability) during DO and 
Heinrich events; and 4) the magnitude and extent of ITCZ shifts in response to external forcing 
(e.g., volcanism and insolation). 
  
The use of paleo records to understand past ITCZ dynamics 
 
Compelling evidence of the past behavior of the ITCZ comes from a marine sediment 
core record from Cariaco Basin in Venezuela (~11° N) and from stalagmites collected from Hulu 
cave in China (~32° N). These records contain the imprint of DO and Heinrich events on tropical 
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rainfall. DO events are generally defined as rapid climatic fluctuations that occurred during the 
last glacial period (Dansgaard et al., 1993). Some of the most important pieces of evidence of 
these climatic oscillations come from temperature reconstructions in ice cores from Greenland 
(Dansgaard et al., 1993). In these high-resolution records, DO are characterized by prolonged 
(~1500 yrs) temperature decreases followed by an extremely rapid (decades) temperature 
increase (Dansgaard et al., 1993). Some of these cold periods correlate with concentrations of 
ice-rafted debris in sediment cores in the North Atlantic associated with large discharges of 
icebergs known as Heinrich events (Heinrich, 1988). Despite much interest in the driving 
mechanisms of DO and Heinrich events (e.g., Bond et al., 1992; Petersen et al., 2013) and the 
associated feedbacks on the climate system (i.e., ocean circulation; McManus et al., 2004), these 
events are not completely understood, nor is their impact on extra-polar climate. 
 
DO and Heinrich events are thought to have impacted the mean location and structure of 
the ITCZ (Peterson et al., 2000; Wang et al., 2001). Rainfall variability data from these 
paleorecords suggest that the ITCZ moves northward (southward) when the northern hemisphere 
high latitudes were warmer (cooler), thereby increasing (decreasing) the amount of rain over the 
Cariaco Basin and the strength of the Asian monsoon over China (Peterson et al., 2000; Wang et 
al., 2001). This evidence of ITCZ migratory behavior under different climate boundary 
conditions motivated researchers to use climate model output to explore the response of the 
ITCZ to abrupt climatic change. Important evidence in support of this idea comes from 
freshwater hosing experiments (the rapid addition of freshwater) in the northern North Atlantic 
region (Vellinga and Wood, 2002; Broccoli et al., 2006), and from Last Glacial Maximum 
(LGM; approximately 22 kyr ago) climate simulations (Chiang and Bitz, 2005). In the fresh 
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water hosing experiments, rapid freshwater inputs generated cold anomalies throughout the 
North Atlantic, which may be synonymous with Heinrich events (Vellinga and Wood, 2002; 
Broccoli et al., 2006). Additionally, cold anomalies were generated in the northern hemisphere 
during LGM climate simulations by growing large ice sheets over North America and 
Scandinavia, and consequently by increasing the planetary albedo (Chiang and Bitz, 2005). 
Results from these modeling experiments show that every time a cool temperature anomaly 
develops in the northern hemisphere, the ITCZ responds by shifting toward the southern 
hemisphere so it can rectify the interhemispheric thermal imbalance by exporting energy into the 
cooler hemisphere (Vellinga and Wood, 2002; Chiang and Bitz, 2005; Broccoli et al, 2006).  
 
The strength of the Atlantic meridional overturning circulation (AMOC) has been 
implicated in these climate modeling experiments as a mechanism that could create simultaneous 
drier conditions over northern South America and China (Vellinga and Wood, 2002; Broccoli et 
al., 2006). These studies helped set the stage for the next set of climate experiments that helped 
to formulate the thermal theory for the behavior and dynamics of the ITCZ, wherein the position 
of the ITCZ fell close to the location where the transport of atmospheric energy (atmospheric 
heat transport, AHT) dissolves at the so call “energy flux equator” (EFE) (Kang et al., 2008, 
2009). In other words, because the Hadley cell circulation transports energy away from the ITCZ 
(Neelin and Held, 1987), the ITCZ location is near to where meridional mass fluxes vanish or 
integrated vertical energy fluxes inside the Hadley cell diverge (Kang et al., 2008, 2009). 
Moreover, because the circulation inside the Hadley cell transports energy in the direction of 
flow of its upper branches, moving energy polewards requires the ITCZ to be located south or 
north of the equator for heat to be transferred from one hemisphere to the other (Kang et al., 
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2008, 2009; Bischoff et al., 2014). The new framework noted in the thermal theory provides the 
justification for why the climatological zonal mean ITCZ (the annual average position of the 
ITCZ) is positioned north of the equator (Frierson et al., 2013; Fučkar et al., 2013; Marshall et 
al., 2014). In the thermal theory, the importance of AMOC strength and its oceanic heat transport 
(OHT) in regulating the position of the ITCZ across the equator is emphasized (Donohoe et al., 
2013).  
 
Although the thermal theory provides a quantitative framework for studying ITCZ shifts, 
it fails to explain the smaller ITCZ shifts to similar thermal asymmetrical anomalies as shown by 
climatic experiments with ocean-coupled climate models (Green et al., 2017). Output from fully 
coupled models with a dynamical ocean has caused researchers to question the robustness of the 
relationship between ITCZ shifts and AHT in response to thermal contrast between the 
hemispheres (Kay et al., 2016; Howcroft et al., 2016). This particular set of fully-coupled general 
circulation models (GCMs) suggest that the ITCZ does not always shift in response to 
asymmetrically heat/radiative contrasts, but rather its response could be moderated by changes in 
cross-equatorial oceanic energy transport (Donohoe et al., 2013). Therefore, the role of the ocean 
and specifically AMOC in damping and regulating the response of the ITCZ remains unclear. 
This discrepancy exists despite the fact that AMOC OHT can displace the zonal mean ITCZ 
northward as has been noted in the modern ITCZ annual cycle (Donohoe et al., 2013), or that a 
slowdown in AMOC can shift the ITCZ southward (Vellinga and Wood, 2002; Broccoli et al., 
2006). 
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In addition to the disagreement that exists among climatic models in predicting the 
response of the ITCZ to external forcing, there are many paleo precipitation records during these 
large climate shifts (DO and Heinrich events) that do not show a consistent response regarding 
the direction and magnitude of the ITCZ shifts (Tierney et al., 2008, Carolin et al., 2013, 
Medina-Elizalde et al., 2017). In some cases, the impact of regional controls and internal modes 
of climatic variability over the precipitation dynamics rather than large scale teleconnections has 
been suggested to explain these divergent behaviors (Tierney et al., 2008, Carolin et al., 2013, 
Medina-Elizalde et al., 2017). Therefore, additional multi-millennia-long and continuous paleo 
rainfall records in locations sensitive to ITCZ dynamics are needed to: 1) better constrain the 
magnitude and extent of ITCZ shifts in response to external forcings (volcanic, insolation, 
greenhouse gas concentrations; GHGs) and to test hypotheses noted in GCMs and slab ocean 
climate experiments (a slab model configuration allows to run full atmosphere models on top of 
a simplified ocean model); 2) to reconcile divergent responses among existing 
paleoclimatological reconstructions; and 3) to test the robustness between AMOC strength and 
the ITCZ position. 
 
The width of the ITCZ and its possible use in interpreting tropical paleorainfall records 
 
Along with the need to better understand the capacity of the ocean to modulate the 
response in the position of precipitation in the tropics, the additional mechanisms that controls 
ITCZ dynamics in response to energy balance changes in a warming climate are the subject of 
on-going research (Byrne et al., 2018). Changes in the width of the ITCZ and the intensity of 
rainfall within the tropics associated with recent warming from GHGs have been detectable via 
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satellite observations (IPCC, 2013). Reanalysis data from satellites show a narrowing of the 
ITCZ and a strengthening of the precipitation within the ITCZ over the last decade in the 
Atlantic and Pacific Basins, however, there was little change in the zonal-mean position of the 
ITCZ (Byrne et al., 2018).  
 
The width of the ITCZ can be defined and calculated using a framework that combines 
mass and energy balances for Hadley circulation. The Hadley cell (Hadley circulation) is a 
closed system in terms of mass and energy. Within this circulation, air rises in the ITCZ and 
returns earthward in the descendent region of the Hadley cell where it begins its flow back 
toward the ITCZ. Therefore, the mass budget of the Hadley cell can be expressed as AiWi = 
- AdWd where Ai is the area of the ITCZ and Ad is the area of the descending region whereas Wi 
and Wd are vertical velocities/average vertical velocities of each region (Byrne and Schneider, 
2016). In order to quantify the processes that affect these vertical velocities and obtain the area 
of these regions, relationships between energy and mass budgets inside the Hadley cell can be 
used. The net energy input (NEI) that is received at the top of the tropical atmosphere is positive 
because NEI = S-L-O where S is the shortwave radiation, L the outgoing long-wave radiation, 
and O the ocean uptake; therefore, to establish a balanced radiative state, the atmospheric 
component must move energy from the tropics to higher latitudes. Within the ITCZ, this excess 
energy is transported mainly by the atmospheric circulation inside the Hadley cell (Byrne and 
Schneider, 2016), which is a product of the vertical velocity force and the gross moist stability 
(Byrne and Schneider, 2016). The gross moist stability is the difference between the energy 
content between the upper and lower branch of the Hadley cell, or it can be thought of as a 
measure of the effectiveness at which energy inside the ITCZ is transported (Byrne and 
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Schneider, 2016), Thus, if the NEI is known, the upward velocity within the ITCZ can be 
calculated (Byrne and Schneider, 2016). However, given the mass balance relationship within 
the Hadley cell, the width of the ITCZ also depends on the vertical velocity in the descending 
region (Byrne and Schneider, 2016). In this region, weather systems moving towards the equator, 
known as transient eddies, and that include mid-latitude storms, are responsible for balancing 
much of the energy that is being moved poleward with changes in the NEI. Advective energy 
transport in also important in the descendent region. Therefore, the ratio between Ai/Ad, and thus 
the width of the ITCZ, can be calculated from the gross moist stability, the respective energy 
input in each region, the mean advection term, and transcendent eddies (Byrne and Schneider, 
2016). Given the previous framework (Byrne and Schneider, 2016), it is possible to explore how 
variations in climate and climatic boundary conditions can impact the width of the ITCZ. For 
example, considering the energy budget of the Hadley circulation and its relationship with the 
mass budget, an increase in the NEI in the tropical atmosphere (by the reduction in the outgoing 
long-wave radiation from increased greenhouse gases concentrations) would mean that the 
vertically energy transport or the vertical velocities, Wi, inside the ITCZ needs to strengthen to 
export the extra energy (Byrne and Schneider, 2016); this is assuming the other mass and energy 
balance terms remain constant and therefore imply a narrowing of the ITCZ region relative to the 
descent region (Byrne and Schneider, 2016). Alternatively, an increase in the mass transport 
within the Hadley cell from for example strengthening in trade winds could cause a widening of 
the ITCZ, assuming the other mass and energy balance terms are held constant.  
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Study Aims 
 
In order to address several prominent knowledge gaps (as noted above) relating to ITCZ 
dynamics during the last 50 kyr, four stalagmites were collected from the Colombian Andes, 
dated, and sampled for stable oxygen and carbon isotopes. The general objectives of this study 
are to: 1) develop a high resolution oxygen isotope stalagmite record to infer precipitation 
dynamics for the past ~50 kyr from the northern part of South America (Colombian Andes), a 
region that bridges the spatial gap of high resolution paleoclimatological records in the region; 2) 
better constrain ITCZ behavior and migration during the last 50 kyr based on this new record and 
its relationship (in-phase/out-of-phase) with other South American paleorainfall records located 
north and south of the equator; and 3) explore the dynamics and relationships between the 
Colombian oxygen isotope record with orbital forcings, high latitude teleconnections from the 
North Atlantic (such as DO and Heinrich events) and the AMOC during the last 50 kyr.  
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Figure 2.  Localization of the proxy records included in this study (blue square shows the study site), Hydroclimatic setting of northern South 
America showing the ITCZ seasonal extremes (DJF bottom left and JJA bottom right). Left-bottom panel shows the position of the ITCZ towards 
the southern part of continental South America during the austral summer, producing dry conditions over northern South America and the 
Caribbean region. Right bottom panel shows the position of the ITCZ towards the northern part of continental South America during the boreal 
summer, producing wet conditions over northern South America and the Caribbean region. Top panel figure was provided by 
https://earth.nullschool.net/. Bottom panels provided by https://ClimateReanalyzer.org/ 
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CHAPTER 2. STUDY SITE, MODERN CLIMATOLOGY OF THE STUDY 
SITE AND METHODS 
 
Study Site 
 
The study site is located in northern South America, located in the western flank of the 
eastern Colombian Andes. The study region is bounded to the west and north by the Magdalena 
River valley Basin, to the east by the highest part of the eastern Colombia cordillera, El Cocuy-
Chita-Güicán National park, and the Llanos Orientales Basin, and to the south with the 
Cundiboyacence Sabana, where Bogotá is located (Fig. 2). The stalagmites used in this study are 
from two caves, Hipocampo and Finca Caracol, located close to the town of El Peñón, 
Santander, Colombia. Hipocampo is located at 6°3'23.10"N, 73°50'13.19"W and Finca Caracol 
at 6° 5'13.71"N, 73°49'49.95"W (Fig. 3). 
 
The elevation in the region is on average 2500 m above sea level. The mean annual 
temperature is ~13.9 ± 0.95 ̊C (IDEAM, 2001) and the mean annual rainfall is ~2012 ± 500 mm 
(IDEAM, 2001). The principal ecosystem found in the region is fragmented tropical rainforest 
(IDEAM, 2001), characterized by stratification in its vegetation cover where small plants exist 
close to the ground in a carpet-like arrangement with at least 30% dense and tall vegetation. 
Although vegetation cover over the caves is intact, the area in general is characterized by 
discontinuous patches of rainforest, pasture, and agricultural fields (strawberry farming). 
 
13 
 
 
 
 
 
Figure 3.  (Top) Map of the study site. Caves are located at the green box, near the town of El Peñón. (Bottom)Regional climatological features 
interacting with the seasonal migration of the ITCZ over the study area. Note the Mesoscale convective system (MSCs) generated by deep 
convection at areas where topographic barriers generate orographic uplift of the low-level jet streams reaching the central Colombian Andes and 
the eastern part of the eastern Colombian Andes. This cartoon shows the study area –eastern Colombian Andes- as a “dry island’’ isolated during 
most part of the years from additional moisture sources different than the tropical Atlantic. Top map and 3d view figure of the study area were 
created using 30 m. resolution digital elevation model (DEM) provided by IGAC (Instituto Geográfico Agustín Codazzi) 
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Hipocampo cave 
 
Hipocampo cave is a ~2 km long cave with several galleries connected by narrow 
openings. The cave has a small entrance about 2 m tall and 1 m wide and is well-decorated with 
mostly active-growing and some inactive stalagmites/stalactites. It has two levels: one below 
ground elevation, which follows a subterranean river that ends approximately 500 m from the 
cave entrance, and one with the longest path inside the cave where several galleries more than 10 
m tall and 20 m wide occur along passages in the form of descending and ascending narrow 
toboggans. Through and over this subterraneous river, marginal deposits of mud-size material 
and several actively growing stalagmites can be found. Two samples, H-17-1 and H-17-3, were 
collected along the cave wall next to the river approximately 300 and 400 m, respectively inside 
the cave. Another stalagmite, H-18-2, was collected near the river, 500 m from the cave entrance. 
 
Finca Caracol cave 
 
Finca Caracol cave is a ~1.5 km long cave with one continuous gallery that ends in a 200 
m fall known as “Hoyo de los Ocelotes.” The cave has one small entrance about 1 m tall and 5 m 
wide and is well-decorated with mostly inactive and just a few actively growing 
stalagmites/stalactites. The main gallery is 15 m tall and varies in width from approximately 20 
to 30 m. When visited in (07/2017), several water pools were present along this main gallery, 
which are full seasonally. One stalagmite sample was recovered from this cave, C-17-2, 
approximately 400 m from the entrance, after the biggest water pool in the cave which is ~2 m 
deep, 3 meters wide and 10 m long. 
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Geology 
 
The study area is transected NE-SW by several geological features. Two of the most 
important geological structures in the area are the anticlines of Chiquinquira and Arcabuco. The 
former is the largest in this region and is amplified by several smaller synclines and anticlines at 
its western flank that follow its bearing. In addition, the area contains a high density of fractures 
and faults. Most of the contacts between geological units and structures are faulted following the 
NE-SW regional orientation (Mendoza-Parada et al., 2009) (Fig. 4). 
 
The main lithological units cropping out in the area include Quaternary alluvial deposits 
over the Magdalena River Basin and Paleogene and Neogene alluvial deposits over the lowest 
part of the western flack of the eastern Colombian Andes. Also, Cretaceous marine carbonate 
sequences of the Rosa Blanca formation crop out over the vast majority of the study area; 
Jurassic sedimentary sequences can be found cropping out southeast from the caves at the 
nucleus of the anticline of Arcabuco, and Jurassic igneous-metamorphic sequences are present at 
the eastern flank of the central Colombian Andes (Ulloa et al., 1979) (Fig. 4). 
 
The Rosa Blanca formation is the largest geological unit cropping out at the study site. 
This unit spans from the late Valanginian to early Hauterivian (~139 Ma to ~129 Ma), and it was 
deposited when Colombia was a shallow tropical sea. The thickness of the formation can reach 
about 400 m over some basins in the country and regularly is ~200 m thick (Guerrero 2002, 
Mendoza-Parada et al., 2009). This formation is composed of a sequence approximately 100 m 
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thickness at its base composed of massive grey limestone and dolomites, followed by a ~ 200 m 
interlayering of calcareous mudstone, siltstone, sandstone and limestone. 
 
 
 
Figure 4.  Regional geology of the study area. Greenish colors in the geological map are Cretaceous sedimentary rocks, yellowish colors are 
Quaternary River deposits, Purple Colors are Triassic igneous-metamorphic rocks, and bluish colors are sedimentary Jurassic rocks, the map 
projection is Magna Sirgas with origin at Bogota (0m N-0mE). Modified from Ulloa et al. (1979). 
 
Modern Climatology of the Study Area 
 
Meridional migrations of the ITCZ over the study site and surrounding regions 
 
The annual rain cycle in the area responds mainly to the ITCZ seasonal cycle. Forty years 
of instrumental data from the Bolivar meteorological station (# 24010640) located ~15 km from 
the study site show two peaks of precipitation at April to May and September to October. These 
peaks correspond to ITCZ meridional oscillations that translate rainfall north and south in 
response to the seasonal cycle of solar insolation (Henderson-Sellers and Robinson, 1986). 
During the austral summer, the ITCZ is located over the Amazon Basin in the southern part of 
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Colombia and northern Ecuador in continental South America but does not migrate further 
southward than 3°N over the eastern Pacific Ocean (Alpert, 1945, Hasternrath, 2002; Poveda et 
al., 2006). This spatial offset is due to cool eastern Pacific waters as compared to heating of the 
land surface. The boreal displacement leaves the ITCZ over the upper part of the Amazonas 
Basin, at the latitude of the Orinoco River Basin in Colombia and Venezuela, and the central part 
of the Panama Isthmus. It can reach as far north as the limits between Costa Rica and Nicaragua 
(Alpert, 1945, Hasternrath, 2002; Poveda et al., 2006). The central part of Colombia (including 
the location of the caves) and the Colombian western Andes experiences a bi-modal cycle of 
precipitation with peaks of rain through April to May and October to November, with less rain 
through December to February and June to August (Poveda et al., 2006). A unique modal cycle 
from May to October is witnessed in the Caribbean coast of Colombia and the Pacific flank of 
Panama reflecting the northernmost location of the ITCZ over the continent (Portig, 1965; 
Hasetenrath et al., 2002; Waylen et al., 1996; Poveda et al., 2006). A single peak of rain is also 
present in the eastern flank of the Eastern Colombian Andean cordillera, mainly as a product of 
the moisture recycling process in which moisture travelling from the Amazonian Basin 
westwards encounters an orographic barrier, the Andes, and rises. Therefore, deep convection is 
enhanced in the area and is associated with enhanced rainfall (Fig. 3) (Poveda et al., 2006).  
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The Choco low-level jet: regional meteorology interacting with the ITCZ at the study area  
 
The Pacific lowlands of the east Pacific coast of Colombia are some of the rainiest places 
in the world with mean precipitation of ~8 m (Snow, 1976; Poveda et al., 2006). These high 
amounts of precipitation are mainly the product of the dynamics of a low-level jet (a fast moving 
ribbon of air carrying moisture and warm air moving at low levels in the atmosphere) and its 
interaction with mesoscale convective systems (continental deep convective and warm cloud 
systems forced by latent heat release and its interaction with jet streams) (Rueda et al., 2006). 
The Choco low-level jet carries seasonal moisture from the Pacific that in the austral fall, or 
during La Niña years, can reach past the eastern Colombian Andes, influencing ITCZ-derived 
precipitation at the study site (Fig. 3, 5). 
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Figure 5.  Horizontal (u-wind) wind speed at 950 hPa SON monthly mean average for the period from 1978-2018 in northern 
South America and the Caribbean. Positive/negative numbers indicate stronger/weaker wind speed. Note the westerlies being 
deflected east to reach the central part of the Colombian pacific coast (Choco low-level jet). Blue square shows the study site. 
Images provided by Physical Sciences Division, earth system research laboratory, NOAA, Boulder, Colorado, from their web site 
at http://www.esrl.noaa.gov/psd/. 
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Methods 
 
Environmental monitoring 
 
Cave environmental conditions, temperature and relative humidity were monitored during 
one year using HOBO U23 Pro v2 Temperature/Relative humidity loggers installed in both caves 
close to where the samples were collected. The loggers were set to collect temperature and 
relative humidity measurements every 30 minutes. Temperature is presented in °C with an 
average precision of ±0.21°C and relative humidity is presented in % with and average precision 
of ±0.05%. The modern relationship between amount of rain at the study site and the values of 
oxygen isotope in precipitation is derived from precipitation samples collected between 06/2018 
and 12/2019 using a rain sampler (Palmex; Gröning et al., 2012) located at ~2 km from the 
caves. A total of 61 daily measurements of δ18O and δD can be found in Appendix 2 together 
with their respective rainfall amounts. Rainfall samples were measured via a Picarro L2130-I 
Isotopic Liquid Analyzer, with auto sampler and ChemCorrect software. The combined 
uncertainty (1σ) for δ18O is ±0.05 ‰ and δD is ±0.27 ‰. 
 
Samples collection and preparation 
 
Four stalagmite samples were collected from areas at least 300 m inside Hipocampo and 
Finca Caracol Caves to ensure adequate isolation from diurnal temperature and humidity 
variations. Samples were sectioned with a water-cooled, diamond tipped rock saw. The samples 
were then polished and imaged (Fig. 6). One half of each sample was measured in intervals of 1 
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mm from the top of the stalagmite, taped and labeled following the sample’s growth axis. Care 
was taken to account for changes in dripping direction and sample stratigraphy. Once taped and 
labeled, a Dremel hand drill was used to extract ~250 μg of powder on the lowest speed every 
mm in order to perform stable oxygen isotopic analysis. In addition, 23 samples (~ 100 to 200 
mg) were drilled among all samples in order to perform uranium thorium dating (Fig. 6). 
 
Stable isotopic analysis 
 
Once stalagmite halves were taped and labeled, a Dremel hand drill was used to extract 
~250 μg of powder on the lowest speed every mm in order to perform stable oxygen isotopic 
analysis. Powders were transferred to reaction vessels, flushed with ultrapure helium, digested 
using >100% H3PO4 and allowed to equilibrate overnight at 34°C before being analyzed. 
Isotopic ratios on samples from all four stalagmites were measured using a GasBench II with a 
CombiPal autosampler coupled to a Thermo Finnigan Delta Plus XL mass spectrometer at Iowa 
State University. Internal and external standards (NBS-18 and NBS-19) were run with the 
samples to ensure reproducibility with one standard used for every five samples. Oxygen and 
carbon isotope ratios are presented in parts per mil (‰) relative to the Vienna Pee Dee Belemnite 
carbonate scale (VPDB) with an average precision for both δ13C and δ18O of better than ±0.1 ‰ 
(1σ). 
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Uranium-Thorium dating 
 
Twenty-three samples were drilled among all samples in order to perform uranium 
thorium absolute dating (Fig. 6). A total of 23 238U-234U-230Th dates were used to construct 
individual age-depth models for the four stalagmites. One date on sample C-17-2 was outside the 
time period of interest for this study. The dates were obtained at the University of New Mexico 
Radiogenic Isotope Laboratory using analytical methods of Asmerom et al., (2009). 
Approximately 100-200 mg of calcite were milled from the central growth axis of select intervals 
of the stalagmites and these powders were weighed, dissolved with 15N nitric acid, spiked with a 
mixed 229Th-233U-236U tracer, and processed in a Class 100 clean lab. After chemical separations, 
U and Th fractions were dissolved in 400 μL of 3% nitric acid and analyzed using a Thermo 
Neptune MC-ICP-MS. All isotopes were measured in Faraday cups (234U and 230Th) and ages are 
reported with two standard deviation errors. Initial values of 230Th/232Th were set to 4.4E-6. Two 
standard deviation age uncertainties among all samples vary from ± 7 to 210 years, however, the 
average error is ±83.2 years. 
 
Age model construction and composite record construction 
 
Individual age models were constructed using linear interpolation and extrapolation 
functions in R studio. A composite age model was constructed using intra-site correlation age 
modelling (ISCAM) in Matlab (Fohlmeister, 2012). ISCAM performs a user-defined amount of 
Monte Carlo simulations (MC) and cross-correlations between individual records to define the 
most likely age-depth model for each pair of time-series under consideration and the best age-
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depth model for the resultant composite time-series. Before performing cross-correlation ISCAM 
smooths the data with a user-defined window which was set to the approximate average 
resolution of all records: 50 years. Age-depth interpolation between points was performed using 
pointwise linear interpolation and the number of MC simulation to find the best correlation 
among individual time series was set to 10,000. Confidence intervals of the age-depth models 
and age uncertainty within the age models is computed by ISCAM testing the best age-depth 
model against an autoregressive model of order 1 (AR1) with the same mean and variance of the 
white noise of the real data. The number of AR1 simulations was set to 2,000 with 1,000 MC 
simulations for each AR1 model.  In order to create the composite record (Fig. 11) proxy values 
along the overlapping sections are averaged. Non-overlapping parts of the records are treated as 
individual signals. All the user-defined parameters were set as suggested in Fohlmeister (2012) 
in the application of ISCAM towards the creation of a composite record of a Chinese 
speleothem.  
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Figure 6. Sectioned and polished stalagmites with the position of 24 samples (red) drilled in order to perform uranium-thorium dating are shown. 
One sample is excluded from the results presented in here because is outside the time period of interest of this study (blue). 
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Figure 7. Seasonal decomposition of time series by Loess (STL) in additive time series. The graph shows the original data and the resulting trends 
after LOESS regression is applied to the data. The size of the window used in the detrending process for the HFC and Venezuelan records is ~5 
kyr, for the Peruvian record~ 11.5 kyr. 
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Construction of a South American ITCZ index for the last 50 kyr 
 
Three regional time series (Cariaco Basin sediment reflectance record, Peru stalagmite 
isotope record, and the HFC oxygen isotope record) sensitive to precipitation dynamics and/or 
ITCZ migrations were filtered to the same time interval 16.5 kyr to 49.4 kyr. The selection of the 
start and end time for filtering the time-series was constrained by the timespan of the Peruvian 
stalagmite record (Kanner et al., 2012).  
 
The filtered time series were then detrended following the approach outlined by 
Mudelsee (2010). Specifically, a non-parametric, non-linear regression can be used to detrend 
harmonic paleoclimatic time series that have less than two periods of oscillation, or a time-series 
that has multiple climatic controls with non-harmonic behavior (Mudelsee, 2010). Several 
paleorainfall reconstructions have shown the influence of orbital precession in precipitation 
(Cheng et al., 2013; Cruz et al., 2005; Wang et al., 2006). The isotope signal from the Peruvian 
record used here as in these studies is forced by austral summer insolation on orbital time scales. 
For example, Burns et al., (2019) and Kanner et al., (2013) using records from the Huangapo 
caves at the Peruvian Andes which are located at approximately the same latitude and longitude 
as the Peruvian record used in this study (Kanner et al., 2012) show how orbital precession 
forces the signal over this time scale. However, the Peruvian record used here lacks two periods 
of orbital precession (~24 kyr) and applying frequency filters to detrend the data are restrained 
by this fact. In the case of the Venezuelan record, the data are partly controlled by precession 
from part of the early Holocene towards the middle Holocene (Haug et al., 2001; Peterson et al., 
2006), and during the glacial period, the influence of glacioeustatic variations in sea level exerts 
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a control over the reflectance signal from the Cariaco Basin (Peterson et al., 2006). Similarly, our 
data lacks the shape, inflections, and period of the precessional wave indicating that climatic 
forcings other than solar insolation are impacting the signal. Thus, we avoided time-frequency 
approaches to detrend our data and all the other records used in here to construct the rainfall 
index. Therefore, in order to detrend the timeseries we used LOESS (locally estimated scatterplot 
smoothing) regression instead the classical kernel regression suggested by Mudelsee (2010).  
 
Seasonal decomposition of time series by Loess (STL) function in R Studio performs a 
LOESS regression based on the frequency input of interest. Frequency here is the number of 
observations in one cycle of interest (e.g. if the cycle of interest of our data is yearly, then the 
frequency would be the number of observations in one year). The cycle of interest here is ~24 
krys for the Peruvian record, which is the period of precessional insolation, so the frequency 
necessary to capture the trend that the precessional signal impacts on the data should be the 
amount of observations in the proxy record over 24 kyr. However, if the full cycle (24 kyr) is 
selected, then the trend captured by the regression would likely be the linear drift that the 
Peruvian timeseries has over this time period and not the local trend that orbital precession could 
cause. In other words, by selecting a window size of 24 kyr in order to derive a regression, we 
are averaging local positive and negative trends that are likely the product of increasing and 
decreasing variations in precessional insolation at this location. To avoid this issue, the 
frequency selected to detrend the data was for a period of 11.5 kyr. This window has the number 
of observations that can capture the direction of each precessional-controlled slope and the 
inflections of the precessional wave. For the HFC and Venezuelan records, the window used was 
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~5 kyr. The timespan for the windows is meant to capture changes in the ice volume during the 
last glacial period, which varies over smaller periods than orbital precessional oscillations.  
 
After the signal was decomposed in trend, seasonal component, and residual (Fig. 7), just 
the trend was removed from the original data, thereby ensuring that only the precessional and ice 
volume driven drifts were removed from the records. To be able to sum the time series, the 
detrended signals were interpolated to a resolution of 50 years. This resolution is conditioned by 
the two stalagmite records that have an average resolution of ~30 years.  
 
The detrended and evenly spaced data then were normalized to Z-scores by subtracting 
the mean and dividing by the standard deviation of each time series. Finally, a simple average 
was performed to construct the index presented here (Fig. 12).  
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CHAPTER 3. RESULTS, DISCUSSION AND CONCLUSSIONS 
 
Results 
 
Environmental monitoring 
 
Temperature and relative humidity measurements collected inside both caves indicate the 
environmental conditions for 1 year. Relative humidity was stable at ∼ 100 % in both caves for 
the entire monitoring period. Temperatures show the same increasing trend from November 2017 
towards June 2018 where the values stabilize ~ 1°C higher than the preceding year. Values in 
Hipocampo ranged from 14.1°C to 14.9°C with mean value 14.1°C. Temperatures in Finca 
Caracol ranged from 12°C to 13.4°C with mean value 12.7°C. While Finca Caracol temperatures 
vary more than in Hipocampo, both caves exhibited similar seasonal variability that 
approximates the mean average temperature and seasonal cycle in the region (Fig. 8). 
 
Cave location and the amount effect 
 
The mean value of δ18O in the rain samples collected in our station oscillates around -
9.2‰ and has lowest value of -16.9‰ between October and November where the lowest mean 
values of -11.2 ‰ are also present. Precipitation amounts follow the same general trend shown 
by the oxygen isotopes with mean value of 4.3 mm and with highest values between October and 
November and highest mean values of 5.1 mm for these months. Linear regression between these 
two variables gives a moderately weak relationship (r2 =0.16; p<0.01) at El Peñón station. 
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However, the correlation is more evident when the data are binned into monthly values (r2 =0.91; 
p<0.01) (Fig. 9, bottom panel). These inverse correlations between the amount of precipitation at 
the study site and in Bogota suggest that the isotopic signal behaves in accordance to the 
classical “amount effect” theory (Dansgaard, 1964).  
 
 
 
Figure 8. Caves environmental conditions during 1 year. Temperature (blue) and Relative humidity (orange) at Finca Caracol (top) and 
Hipocampo (bottom).  
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Age depth models 
 
The combined age range for H-17-1, H17-3, H-18-2 and C-17-2 is 0 to 50 kyr (Fig. 10, 
11). All dates for each sample are in stratigraphic order and contain high initial uranium and low 
detrital thorium concentrations (see Appendix 3) for precise age determination with small age 
uncertainties. Macroscopic changes in the calcite fabric in C-17-2 at ~50 mm from the top may 
be indicative of a short-lived hiatus (Fig. 6). Changes in growth rates are noticeable at several 
intervals among the samples. The most prominent changes in growth rates are observable in 
H17-3 at ~30 kyr (Fig. 10). However, the general behavior of the age-depth models for 
individual samples and for the composite record are near to linear (Fig. 10). 
 
Oxygen isotope variability 
 
All stable isotope data produced from this study can be found in Appendix 1. Mean 
oxygen isotope (δ18O) values from the composite record during the glacial period (50 kyr to ~22 
kyr) were -8.9 ‰. During deglaciation to the Holocene ~11.7 kyr, the mean value for δ18O was -
6.7 ‰. During the Holocene the mean value of δ18O was -6.8 ‰ (Fig. 11). Based on individual 
stalagmites and the composite record presented here (Fig. 11), δ18O values changed considerably 
(mean, variance, and trends) during the last 50 kyr.  Based on modern relationships between 
precipitation amount and the values of δ18O in the precipitation (Fig. 9), it is likely that these 
δ18O values reflect rainfall amounts (Dansgaard, 1964). If this hypothesis holds true, there has 
been substantially variability in rainfall amounts during the last 50 kyr.  
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Marine Isotope Stage (MIS) 2 and MIS 3 
 
From the end of HFC (50 kyr) to 16.4 kyr, variability is assessed from the composite 
record from C-17-2, H-17-1 and H-17-3. Although C-17-2 has no evident gaps in its chronology, 
by using the composite record generated in this study we can reduce uncertainties related to age 
control in one single sample and also account for replicability in the signal. H-17-1 has 166 δ18O 
measurements, a mean resolution of 89.9 yrs and spans from 14.9 kyr to 20.9 kyr. H-17-3 has 
330 δ18O measurements, a mean resolution 55.4 yrs and spans from 18.2 kyr to 32.5 kyr. From 
50 kyr to 30 kyr, the data show higher frequency and higher amplitude variability with maximum 
amplitudes reaching values of -6.5 ‰ and minimum values to -10.0 ‰ around ~40 kyr. These 
oscillations correspond to the DO events 5 to 12 and HE 4 and 5. DO events are variable 
displaying lower and higher δ18O values ranging from -6.9 ‰ at DO 12 to -10.0‰ at DO 6. HE 4 
and 5 display values ~-10‰. DO events 2, 3 and 4 and HE 2 and 3 are difficult to recognize and 
the signal doesn’t show considerable isotopic variability away from the mean values during these 
intervals (Fig. 11). 
 
From ~30 kyr to ~16.4 kyr, the mean isotope values follow a negative slope getting the 
lowest values of ~-8.5 ‰ around ~16.4 kyr at Marine Isotope Stage  (MIS) 2, defined as a series 
alternating warm and cool periods in the ocean based on oxygen isotope data from deep sea core 
samples (Lisiecky and Raymo, 2005). Right after this period, between LGM and HE 1, a large 
shift in the mean isotope values occurs, (shift from of -8.9 ‰ to -6.7‰) thus indicating change 
between glacial conditions and deglaciation.  
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Deglaciation 
 
During deglaciation, two excursions away from the trend of mean values are visible. The 
first large excursion is the largest change over the entire record spanning from ~16.9 kyr up to 
14.7 kyr with highest values of -2.6 ‰ and in line with the onset of HE 1. The second one starts 
at 14.7 kyr and ends at 13.5 kyr corresponding to the onset of the Bolling-Allerod (BA), an 
abrupt period of warming after deglaciation (Dansgaard et al., 1993; Bond et al., 1995; Grootes 
and Stuiver, 1997; Alley and Clark, 1999, 2005).  
 
Holocene 
 
In the early Holocene (11.4 to 7.0 kyr), variability is assessed from sample C-17-2. C-17-
2 has 514 δ18O measurements, a mean resolution of 108.9 yrs and spans from 3.9 to 50 kyr. Its 
mean values follow a decreasing trend from early Holocene towards the middle Holocene ~6 kyr. 
Over the late Holocene (last ~4.3 kyr), variability is assessed from 303 δ18O measurements from 
sample H-18-2 which has a mean resolution of 13.3 years and spans from 0 to 3.9 kyr. Mean 
values in this sample oscillate around –8.9 ‰ and follow a decreasing trend from the middle 
Holocene towards ~450 yrs where lower δ18O values reach -9.5 ‰. The first pronounced isotopic 
excursion over this interval occurred from ~1420 to ~1300 yrs with values reaching –8.5 ‰. This 
interval correlates well (or at least is contained within) with the timing of the Little Ice Age, a 
period of generalized cooling following the Medieval Climate Anomaly (Mann et al., 2009).  
The second extreme excursion recognizable over this interval started at ~910 yrs and ended at 
~1185 yrs with values reaching -10.9 ‰. This interval correlates well (or at least is contained 
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within) with the timing of the Medieval Climate Anomaly, a time of warm climate in the North 
Atlantic (Mann et al., 2009).  
 
ITCZ rainfall index 
 
Z-scores values for the proxy records over South America are variable during DO and H 
events during the last 50 kyr. The index constructed here shows large and negative departures at 
the LGM, HE 5, and during DO events 8, 11 and 12. Thus, during cold events H5, H4 and LGM 
the index values are approximately -1, -0.2, and -1 respectively. The coherence between records 
is derived visually from coeval variability in the signal from individual time series (Fig. 12). 
Therefore, during these cold events, coherence between HFC and Peruvian records is evident. In 
contrast, during the largest DO events 12, 11, and 8 the index values are large and positive, 
reaching values of approximately 1 in all these events. Throughout these DO events, coherence 
between the HFC and Peruvian records is obvious. In addition, other DO events during MIS 3 
show variability in the index values but in general they are negative, and approximately -1. Over 
these smaller DO events coherence between the HFC and Venezuelan records occurs.  
 
DO events during MIS 2 are difficult to recognize even in the individual time series. For 
this period, the index values are negative ~-0.1 and ~-0.8 at DO 4 and 3 respectively. During 
these events there is coherence between the HFC and Peruvian records. In DO 2 values reach 
~0.3, and the coherence over this interval is between the HFC and Venezuelan records. 
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Figure 9. Oxygen isotopes in precipitation against rainfall amount showing the classical “amount effect in precipitation” at El Peñón SIPERG 
station, Colombia. (Top) Liner regression between rainfall amounts and δ18O values for all 61 measurements. (Bottom) Plot shows time series of 
rainfall amount versus δ18O values at El Peñón station. Blue lines are rainfall amounts and brown lines oxygen isotopes. Softer lines are monthly 
averages of both variables. 
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Figure 10. Individual age depth models for all samples included in this study. Linear interpolation and extrapolation were used in order to create 
the models. 
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Figure 11. HFC composite δ18O record (light brown) and individual C17-2 δ18O record (bold brown) are shown. The δ18O record for the late 
Holocene for H-18-2 is also shown (top box). Vertical lines indicate age control points along the interval of interest in this study. 
 
Discussion 
 
Cave location and the rainfall amount effect on oxygen isotope variability 
 
Data from the closest GNIP (Global network of Isotopes in Precipitation) show a fairly 
robust relationship between the amount of precipitation and oxygen isotope values for this region 
(eastern Colombian Andes). R2 values are 0.21 (p<0.01) when considering all months in the 
regression, 0.31 (p<0.01) using monthly averages and 0.74 (p=0.02) with yearly averages of both 
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variables. The data presented here along with data from the closest GNPI demonstrate the 
amount of precipitation in the eastern Colombian Andes region is the main control on the 
isotopic composition of precipitation in our study area (Fig. 9). This is supported by other 
regional studies (Saylor et al., 2009). However, modeling studies of isotopes in precipitation in 
the tropical Americas show that moisture source effects are also probable and present over these 
areas (Vuille et al., 2003). The closest additional moisture source to our study area is the Pacific 
Ocean, and effectively moisture is carried towards the eastern Colombian Andes in the second 
half of the year (Poveda et al., 2006). This is different, however, from the western Colombian 
Andes and central Colombian Andes where there is a constant supply of moisture from the 
Pacific Ocean (Poveda et al., 2006). As mentioned before, low-level jets from the Pacific Ocean 
contribute to the moisture budget of the eastern Colombian Andes in terms of interannual 
variability, but not considerably in terms of annual moisture budgets. This is because the western 
and central Colombian cordilleras form a topographic barrier to the Pacific moisture sources 
producing a so called “dry island effect” (Snow, 1976) over the eastern Colombian Andes. 
Despite the initial findings reported here in support of the rainfall amount being the major 
control on the oxygen isotopic variability, additional monitoring at the study site is being 
conducted to further evaluate this relationship across different seasons and years.  
 
Oxygen isotope variability 
 
A variety of factors can influence the δ18Ocalcite at the cave site such as moisture source 
variability, condensation temperature and rainfall amount effects (Fairchild and Baker, 2012). 
Among these factors, the moisture source and temperature are unlikely to be important controls 
39 
 
 
for Hipocampo and Finca Caracol caves. As noted before, the central and western Andes act as a 
topographic barrier restricting moisture from the Pacific Ocean during most part of the year; this 
leaves the tropical Atlantic as the major source of moisture for the study site (Poveda et al., 
2006). The temperature (Finca Caracol 14.1°C ±0.2; Hipocampo 12.7°C ±0.2) at our study site, 
as in other tropical locations, is relatively constant thought the year. Hence it is unlikely that air 
temperature variability is a major control over the isotopic variability at our study site during 
modern conditions. On longer time scales, the potential control that changes in the isotopic 
composition of sea water can cause to our isotopic signal can also be ruled out. When examining 
the differences between glacial and interglacial conditions, more specifically at the LGM, the 
global increase in δ18O of sea water composition is only ~1‰ (Schrag et al., 2002). The change 
in the isotope record (Fig. 11) between glacial and interglacial conditions is ~6‰ thereby source 
effects are unlikely to be a major control over the variability in our isotopic signal. Even 
considering additional changes in δ18Ocalcite induced by temperature differences between glacial 
and interglacial conditions of ~3◦C at tropical locations (Pierrehumbert, 1999), the calculated 
change in δ18O calcite induced by this factor should be no more than 1.5‰ following isotopic 
fractionation relationships (Kim and O’Neil, 1997; Friedman & O’Neil, 1977). Therefore, it is 
most likely that the oxygen isotopic variability in stalagmites from the study site primarily 
reflects the amount of precipitation variability over modern and longer time scales. 
 
Assessing oxygen isotopic equilibrium in stalagmites 
 
Because kinetic fractionation may obscure the primary climate signal preserved in 
speleothem calcite, assessment of the degree of isotopic equilibrium is essential for interpreting 
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as paleoclimate records (Lachniet, 2009). Commonly, the degree of isotopic equilibrium in one 
stalagmite sample can be obtained by the classical “Hendy test” (Hendy, 1971), where among 
other protocols, strong correlation between the δ18O (and δ13C) values along a growth layer 
indicate that the sample may have been deposited under isotopic equilibrium (Hendy, 1971). 
However, recent studies have shown that some samples might fail the Hendy test despite being 
deposited in isotopic equilibrium (Dreybrodt, 2008) and that climatic controls on the isotopic 
signals can be determined through other ways (Lachniet, 2009). Therefore, we assess the degree 
of isotopic equilibrium in our samples by replicating the signal over multiple stalagmites with 
overlapping sections (for example, Denniston et al., 2013). As shown by Wang et al., (2001) the 
maximum confidence in the climate signal coming from stalagmites is obtained by showing 
replicability tied to a strong chronology. In this study, we found similar signals among H-17-1, 
H-17-3 and C-17-2. Similarities in the shape and covariance among the δ18O signal from various 
stalagmites is supported by the results from cross-correlation which ISCAM performs across 
individual samples and reports with significance > 99%. The cross-correlation coefficients, r, is -
0.51 between H-17-1 and H-17-3. Between the composite record (created with H-17-1 and H-17-
3) and C-17-2, the cross-correlation coefficient, r, is 0.80. These high correlations are additional 
support to the visual coherence in the δ18O signal from the samples. Based on arguments made 
by Denniston et al., (2013) and Dorale and Liu, (2009) regarding coeval stalagmites, it is most 
likely that these stalagmites were deposited at or near isotopic equilibrium with cave dripwater. 
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ITCZ rainfall index: 
 
As noted above, by removing the orbital controls from the Peruvian, Colombian and 
Venezuelan time series we could compare the response in precipitation of these regional time-
series to millennial-scale climatic oscillations (DO and Heinrich events). These results indicate 
that the strongest and most persistent DO events (8 and 12) are associated with isotopic 
excursions towards higher values in the HFC and Peruvian records. In particular, these isotope 
excursions have positive and large index values. For these DO events, the coherence between the 
HFC and the Peruvian record indicate coeval reductions in precipitation at these two locations. 
Generally, for the other DO events during MIS 3, negative isotopic excursions in the HFC record 
and lower values of reflectance in the Venezuelan record occur, thus indicating simultaneous 
increments in precipitation at these two locations. This relationship is represented in the index 
with negative values. DO events during MIS 2 in general are difficult to recognize in individual 
time series, and within the index they present a variable and lower amplitude response. However, 
negative values in the index indicate that, in general, at DO 3 and DO 4 negative isotopic 
excursions in the HFC and Peruvian record are prevalent, suggesting increased precipitation at 
these two locations. During DO 2 the index is positive and there is coherence between the HFC 
and Venezuelan records. A positive isotopic excursion in the HFC record with higher values of 
reflectance in the Cariaco Basin record would indicate simultaneous drier conditions at those 
places. Finally, during the LGM and Heinrich events 4 and 5 the index is negative with 
coherence between the HFC and Peruvian records, therefore indicating a precipitation increase at 
each location (Fig. 12). 
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Although the record cannot capture quantitatively the coherence between records, the 
shape, magnitude, and direction of some of these events is clearly distinguishable and similar 
between individual time series, which lends support to our visual estimates (e.g., DO 8, 12; HE 5 
and LGM). In addition, similar structures in the signals in response to some DO and Heinrich 
events suggest that all places are under the influence of a common climatic feature, thus the 
index would represent the regional response of this climatic feature. The ITCZ influence over the 
precipitation at these three locations happens in the mean annual climatological cycle (Baker, 
2015; Cook, 2009) and several studies have recorded this same relationship over longer time 
scales (Cruz et al., 2005, 2006; Nace et al., 2014; Wang et al., 2004,2006,2007; Kanner et al., 
2012). Therefore, we suggest that our index could serve as an indicator of the direction and 
extent, but not the magnitude of ITCZ-derived rainfall changes over continental South America 
during these thermal events.   
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Figure 12. Temperature record (A) and precipitation records (B, C, and D) included in this study showing millennial scale variability over 
continental South America after orbital trends were removed from the signal. Bottom time series is a constructed rainfall index that show variable 
coherence among these three records. Positive values indicate dry conditions while negative values reflect wet conditions. Arrows indicate the 
direction of the coherence (north or south). Arrows up indicate coherence between the HFC record with the northern South America records and 
arrows down coherence with southern South America record. A) North Greenland ice core project members, 2004; B) Deplazes et al. (2013); D) 
Kanner et al. (2012). 
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Figure 13. Orbital controls and rainfall variability suggested by South American records included in this study (B, D, F). Black lines over the 
proxy records indicate the trend values obtained by non-linear, non-parametrical regressions applied to the raw data with variable size windows 
and intent to show orbital scale trends in the data. A and G insolation curves were calculated using PALINSOL package on R studio. B) Deplazes 
et al., 2013 and Peterson et al., 2000; C) Imbrie et al. (1984); E) McManus et al. (2004) and Henry (2016); F) Kanner et al. (2012, 2013). 
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Orbital-scale hydroclimate variability 
 
Multiple studies recognize the influence of orbital precession insolation forcing the 
climate in areas of influence of the South American summer monsoon (SASM) (Kanner et al., 
2013; Cruz et al., 2005, 2009; Wang et al., 2006). Broadly speaking, summer insolation maxima 
happened at the LGM and middle Holocene in Austral locations causing wetter conditions at 
these places. The control of precessional insolation over SASM records is evident when looking 
at their signals, in which, their paths follow the same trend and same inflections of the 
precessional insolation wave (Baker et al., 2015). Despite the agreement in response from 
multiple SASM records to orbital precession insolation variability, data from the north-east part 
of Brazil in South America and western Amazonia suggest that an antiphase wet-dry relationship 
between eastern and western areas of influence of the SASM is also present during these time 
scales (Cruz et al., 2005). Although major advances in the understanding in the behavior of the 
SASM have occurred, less is known about the ITCZ behavior over these time scales. Although, 
the ITCZ and the SASM are separate features of the South American climate (Cook, 2009), it is 
plausible that ITCZ variability affects trade winds intensity and moisture advection which affect 
the SASM on both modern and paleoclimatic time scales (Baker et al., 2015). However, as noted 
above the strong precessional control over areas in the SASM makes interpretation difficult 
about the behavior of the ITCZ over continental South America over these time scales. The 
Cariaco Basin reflectance record in northern South America has been useful in giving insight 
about the direction of possible shifts in ITCZ mean annual position responding to climatic 
forcing over longer time scales, but still constrained to some part of the Holocene (Haug et al., 
2001). In addition, the mechanisms by which the ITCZ responded to large changes in boundary 
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conditions which occurred mostly on long time scales (e.g. ice volume and insolation), and the 
magnitude and extent of the ITCZ movements remain inconclusive. 
 
MIS 2 and MIS 3 
 
Major changes in ice volume from MIS3 toward the LGM are the largest of the last 
glacial period prior to deglaciation (Alley and Clark, 1999; Lisiecky and Raymo 2005) (Fig. 13). 
Over this time-interval, δ18O values of the HFC record indicate progressively drier conditions 
(Fig. 13). This behavior is suggested by trends from the STL decomposition which were added 
on top of all proxy raw data included in this study (Fig. 13). The variability in the HFC trend 
during this time is best explained by the coeval changes in the amount of ice in the planet (Fig. 
13). Precessional insolation control is discarded as major driver of the data for this time period 
for two reasons. The first one is because the trend of the HFC record lacks the variability and 
amplitude of the precessional cycle. The second one is related to the thermal theory of the ITCZ 
(Kang et al., 2008, 2009) and LGM climate model experiments (Chiang and Bitz, 2005). As 
noted above, these experiments show how changes in ice volume can drive changes in AHT and 
consequently ITCZ mean position changes. 
 
Iinterpretations about the regional ITCZ behavior using the Cariaco Basin record reflectance 
record were avoided because there is nothing explicit about the possible ITCZ behavior 
suggested by the authors of these reflectance records over these time scales other than the 
glacioeustatic control over river discharge to the data (Peterson et al., 2006). Considering that 
our data likely represent the ITCZ-derived rainfall during this period, this could indicate that the 
47 
 
 
Colombian eastern Andes were progressively turning drier, and that this change in precipitation 
correlates with major changes in global ice volume, and therefore suggest an ITCZ position 
progressively south from our study area (Fig. 13).  
 
Deglaciation  
 
Deglaciation at ~16.4 kyr correlates with the interval in the HFC record where the larger 
shift in the δ18O values takes place (-6‰ change) (Fig. 13). This large shift in the HFC record is 
in line with the timing of H1; however, background conditions (the trend of mean values) 
indicate a decreasing trend toward the early Holocene. It shows progressively lower values and 
suggests wetter conditions at the eastern Colombian Andes (Fig. 13). Coeval changes in global 
ice volume could move the ITCZ mean position causing progressively wetter conditions over the 
study area. Changes in albedo by itself can move the position of the ITCZ according to model 
experiments (Chiang and Bitz, 2005). These models and precipitation reconstructions from other 
paleorecords suggest that the position of the ITCZ was displaced towards the south during the 
LGM in region nearby like in the Pacific Ocean or Atlantic Ocean (Koutavas et al., 2005; 
Arbuszewski et al., 2013). But, if so, how much was displaced? And why does the ITCZ-derived 
precipitation from this isotope record suggest wet conditions at our study area during the LGM 
interval? A possible scenario that could explain why the ITCZ remained over a large part of 
northern South America (including the study area) during the glacial period without being 
located south at any time (Fig. 12, 13) is outlined below.  The South American continental ITCZ 
could simply had a different magnitude of latitudinal displacement than the Atlantic ITCZ and 
the Pacific ITCZ. In the ITCZ mean annual cycle, the position of the marine ITCZ over the 
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tropical Atlantic and Pacific Ocean moves less in comparison to the continental displacements of 
the ITCZ (Henderson-Sellers and Robinson, 1986). As outlined before, the magnitude of 
movement of the ITCZ during the seasonal extremes varies from region to region (Henderson-
Sellers and Robinson, 1986). Therefore, it is possible than during the glacial period there was 
also a difference between the mean position of the ITCZ at these three locations.  
 
Regional correlation during this time between the trends derived from the STL 
decomposition applied to the HFC data and the Cariaco Basin record is avoided for the same 
reasons exposed above related to glacioeustatic controls in the land-derived material at the 
Cariaco Basin during longer time scales. 
 
Holocene 
 
The HFC record has a decreasing trend and follows changes in boreal precessional 
insolation from part of the early Holocene (~8 kyr) toward the middle Holocene (~6 kyr) (Fig. 
13). Coeval variations from the Cariaco Basin reflectance record show a different trend towards 
drier conditions from part of the early to middle Holocene (Peterson et al., 2000). From ~8 kyr to 
6 kyr, a negative slope in the Cariaco Basin reflectance record has been interpreted as a 
southward shift in the ITCZ mean position (Peterson et al., 2000). This behavior is validated by 
the titanium abundance in the same sediment cores, which shows a decreasing trend towards the 
middle Holocene, thus suggesting a decrease in the land-derived material from local watersheds 
that is interpreted as reduced precipitation over this area (Haug et al., 2001). As noted above, our 
study site likely recorded the climatic signal of precipitation amounts derived from variations in 
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the position of the ITCZ. The changes in precipitation at the Colombian eastern Andes which is 
closer to the equator than the Cariaco Basin record validate the behavior of precipitation in the 
region by showing progressively wet conditions from ~8 kyr towards 6 kyr. This means that 
during this part of the Holocene northern South America experienced progressively wetter 
conditions at lower latitudes and progressively drier condition in its northernmost latitudes. In 
addition, the decreasing rainfall amounts at the Cariaco Basin stopped about ~6 kyr, but the HFC 
record continued displaying progressively wetter conditions up to ~4 kyr. This may indicate that 
the movement of the ITCZ continued in the late Holocene either by following the same trends of 
boreal summer insolation or in response to additional controls that are not so evident (Fig. 13). 
 
Mechanisms, magnitude and extent of ITCZ shifts during orbital time scales 
 
MIS 2 and MIS 3 
 
During the interval from MIS 3 into the LGM there is a progressively increased amount 
of ice on the planet (Lisiecky and Raymo, 2005). Model simulations show that changes in the 
position of the ITCZ can happen at the LGM, likely driven by large increases in albedo in the 
northern hemisphere in relationship to southern hemisphere (Chiang and Bitz, 2005). This means 
that changes in albedo alone, and the associated energy balance changes, during this interval are 
capable of forcing mean position of the ITCZ (McGee et al., 2014; Donohoe et al., 2013). This 
may explain the progressively higher HFC isotope values (inferred drier conditions) and 
increasing trend from MIS 3 to the LGM (Fig. 13). This would suggest a possible modulation in 
the HFC oxygen isotope record by changes in ice volume, and consequently albedo. However, 
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these changes are small in magnitude and they don’t produce a significant movement in the mean 
values of the HFC record indicating only small displacements in the ITCZ position towards the 
LGM. In fact, despite the fact that proxy data in the tropical Atlantic and eastern equatorial 
Pacific suggest an ITCZ position shifted to the south during the LGM (Koutavas et al.,2005; 
Arbuszewski et al.,2013), our data suggest that its position was mildly drifting south without 
being totally displaced at any time. 
 
Deglaciation 
 
Deglaciation profoundly alters the thermal configuration of the planet by reducing 
Earth’s albedo (Alley and Clark, 1999; McGee et al., 2014). As noted above, from ~16 kyr 
toward the early Holocene the trend in the HFC record suggest progressively wetter conditions 
after considering the displaced ITCZ to the south during HE 1 (Fig. 13). Therefore, changes in 
albedo could lead to increases in heat in the northern hemisphere (Chiang and Bitz, 2005) and 
therefore moving of the AHT northward, and consequently displacing the ITCZ towards the 
same hemisphere (Kang et al., 2008, 2009; Bishoff et al., 2014). This is corroborated by the HFC 
isotope record (Fig. 13). The magnitude and extent of this orbital modulation in the ITCZ 
behavior cannot be deduced from a single record and regional correlations are avoided for the 
reasons noted above. Nevertheless, the modulation in our signal by ice volume during 
deglaciation cannot be ruled out. 
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Holocene 
 
As noted earlier, the ITCZ mean position and structure is correlated well to AHT which 
responds to hemispherical heat budgets (Kang et al., 2008; Donohoe et al., 2013; Chiang et al., 
2012; Frierson et al., 2012) with a strong role of AMOC northward OHT in affecting this 
hemispherical heat budgets (Donohoe et al., 2013). Therefore, increased boreal summer 
insolation at the northern hemisphere can change the hemispherical energy budget by heating 
more the northern hemisphere in relationship the southern hemisphere (Bischoff et al., 2014). As 
noted above, the Hadley cell exports energy in the direction of its upper branches, so to 
compensate the increasing energy in the northern hemisphere, and in order to have AHT from 
north to south, the ITCZ should move toward the differentially heated hemisphere (Kang et al., 
2008, 2009). This may explain why the Cariaco Basin reflectance record and the HFC isotope 
record indicate a movement of the ITCZ towards the south from part of the early Holocene 
towards the middle Holocene, which follows the trend of changes in boreal precessional 
insolation (Fig. 13). By looking at both records, the HFC isotope record and the Cariaco Basin 
reflectance record, it is possible to indicate that there wasn’t a large shift of the ITCZ mean 
position during the middle Holocene. Both sites suggest progressively increasing and decreasing 
rainfall amounts product of a possible migrating ITCZ towards south, however the lower 
latitudes of northern South America (Colombian eastern Andes) continue to display wetter 
conditions into the late Holocene and therefore suggest that the ITCZ never was shifted very far 
south during this time (Fig. 13). 
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Millennial-scale hydroclimate variability 
 
Besides the orbital precipitation variability in South America, several paleo precipitation  
records over tropical and subtropical South America has shown a possible linkage between the 
dynamics of the northern hemisphere high-latitude climate and tropical and subtropical South 
America (Cruz et al., 2005, 2006; Nace et al., 2014; Wang et al., 2004, 2006, 2007; Kanner et al., 
2012). As noted before, the apparent linkage between the northern hemisphere high-latitudes 
climate and the tropics is visible over deglaciation during the Bolling-Allerod and Younger 
Dryas (a period of rapid cooling during deglaciation lasting about 1.3 kyr (Björck, 1995)), and 
during DO and Heinrich events where wet or dry conditions occurred simultaneously north and 
south of the equator in response to changes in temperatures at high-latitudes. In general, these 
variations in precipitation have been attributed to meridional shifts in the ITCZ mean annual 
position (Cruz et al., 2005, 2006; Nace et al., 2014; Wang et al., 2004, 2006, 2007; Kanner et al., 
2012). However, the mechanisms and the extent and magnitude of these shifts over continental 
South America remain an active area of research.  
 
MIS 2 and MIS 3 
 
From 50 kyr toward the LGM, the HFC record shows high variability between dry and 
wet conditions (Fig. 12). This is in contrast to the precipitation variability experienced at the 
Cariaco Basin which showed coherence in the direction of response to DO and Heinrich events 
(Peterson et al., 2000; Deplazes et al., 2013). In the Cariaco Basin record, DO events caused wet 
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conditions in Venezuela and Heinrich events caused dry conditions (Peterson et al., 2000; 
Deplazes et al., 2013). The HFC record indicates that precipitation over this region was 
sometimes in agreement with the response in precipitation of the Cariaco Basin (Peterson et al., 
2000, Deplazes et al., 2013) (Fig. 17), and sometimes in agreement with monsoonal records from 
the Peruvian Andes (Kanner et al., 2012). As noted above, monsoonal records can also 
experience changes in precipitation related to ITCZ variability (Baker et al., 2015). This ITCZ 
variability is likely to be largest during DO and H events which is supported by several 
paleorecords (Cruz et al., 2005, 2006; Nace et al., 2014; Wang et al., 2004, 2006, 2007; Kanner 
et al., 2012)  indicating large movements in the ITCZ mean annual position (Peterson et al., 
2000; Wang et al., 2001). Alternatively, the possible changes in the ITCZ structure are not 
evident in all paleorecords, however such changes are supported by climate models and theory 
(Byrne and Schneider, 2016). Stronger DO events are accompanied by the largest warming in the 
North Atlantic region (Henry et al., 2016) and coherence between the HFC and Peruvian records 
(Fig. 12) indicative of drying conditions. However, other DO events during the last 50 kyr 
display coherence between HFC and Venezuelan records yet these changes are indicative of 
wetter conditions (Fig. 17). Heinrich events during this interval are show coherence between the 
HFC and Peruvian records (Fig. 12) toward wetter conditions. At the LGM, the HFC and 
Peruvian records suggest wetter conditions (Fig. 12). The possible mechanisms and ITCZ 
behavior are discussed below. 
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Deglaciation 
 
 During deglaciation, two prominent isotopic excursions take place in the HFC record. As 
noted above, they correlate well with the timing of the Bolling-Allerod and HE 1. In the first 
isotope excursion, the HE 1 apparently causes drier conditions over our study site and Venezuela 
simultaneously (Fig. 12, 13, 17) indicating drier conditions over the whole northern South 
America. During the Bolling-Allerod the HFC record suggest wetter conditions over all northern 
of South America and this response is in agreement with the Cariaco reflectance record (Peterson 
et al., 2000; Deplazes et al., 2013) (Fig. 12, 17). Both events suggest large changes in 
precipitation associated with large shifts in the ITCZ mean position. During the Younger Dryas, 
our record doesn’t show any significate isotopic excursion. However, the presence of a 
macroscopic change in the calcite fabric could indicate a short-lived hiatus (Fig. 6) and therefore 
could indicate dry conditions over the Colombia eastern Andes, thus suggesting an ITCZ 
displaced south as in HE 1 (Fig. 12). 
 
Mechanisms, magnitude and extent of ITCZ shifts during millennial time scales 
 
MIS 2 and MIS 3 
 
During this interval, we find the stronger DO events (Dansgaard et al., 1993) with coeval 
stronger variability in sea surface temperatures (SST) in the North Atlantic (Henry, 2016) for the 
last 50 kyr. During the mean annual cycle of the ITCZ there is a strong correlation of the mean 
position of the ITCZ and the sea surface temperature gradients in the Atlantic Ocean (Donohoe 
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et al., 2013). This large change in sea surface temperature in the North Atlantic was coeval with 
changes in AMOC strength (Henry et al., 2016) and thus could indicate coeval changes in 
AMOC OHT. Therefore, during the largest DO events, Colombia and Peru experience 
simultaneous dry conditions (Fig. 12). Because an ITCZ movement can affect Peruvian and 
Colombian rainfall simultaneously by reducing the amount of moisture and trade wind intensity 
in the South American monsoon region and by spending less time in average during these events 
over the Colombian Andes, it is likely that both places are recording simultaneously a large 
movement in the ITCZ mean annual position. As a result, coeval rainfall variations at these 
places, and simultaneous changes in ocean circulation could be suggesting that during these 
events largest changes in northward OHT lead to large changes in AHT that moved the ITCZ 
position northward far from the Colombian eastern Andes. This same relationship between OHT 
and AHT can be applied to smaller scale DO events, which show smaller degree of warming in 
Greenland together with lower sea surface temperature in the North Atlantic (Fig. 12, 14). 
Weaker northward OHT would lead to smaller ATH changes and therefore less movement in the 
ITCZ mean position (Donohoe et al, 2013). This would explain the wet coherence between 
Colombia and Venezuela during the smaller scale DO events. During these DO events, the ITCZ 
moved north an amount comparative to changes in AHT that couldn’t totally displace the ITCZ 
farther than the Colombian eastern Andes and consequently left Colombia and Venezuela wet.  
 
Finally, all Heinrich events during the glacial period show coherence between the HFC 
and Peruvian records with wet conditions at both locations (Fig. 12). Cold conditions in the 
North Atlantic during Heinrich events are associated with a weaker AMOC, followed by a 
southward ITCZ shift in both models and paleoclimatic records (Vellinga and Wood 2002; 
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Broccoli et al., 2006; Wang et al., 2001). However, the response in the HFC isotope record 
indicates that the magnitude of these shifts south over continental South America is not that large 
during glacial HE (Fig. 12). Simultaneously wet conditions in Peru and Colombia during these 
events require additional mechanisms to explain this type of variability. One mechanism that 
could explain these coeval wet conditions at these two places is an increase in the ITCZ width, or 
an expansion of the ITCZ. This idea is supported by wind proxy records in the Arabian Sea and 
paleo-productivity records that indicate stronger north-west trade winds and decreased organic 
content/lower productivity at Cariaco Basin (Fig. 14) (also see McGee et al., 2018). As noted 
above, a strengthening in the trade winds could induce changes in the ITCZ width by modifying 
the meridional mass transport within the Hadley circulation if other mass and energy terms 
remain constant (Byrne et al., 2018).  
 
Deglaciation 
 
The temperature fluctuations in the Greenland ice core records (North Greenland ice core 
project members, 2004; Dansgaard et al., 1993 ) during the Younger Dryas, Bolling-Allerod, DO 
and Heinrich events are coeval with the changes in precipitation in South America and have been 
used as the climatic control forcing the tropical precipitation (Peterson et al., 2000, Wang et al., 
2001). However it is not clear yet by what mechanism temperature increases recorded in 
Greenland during DO events would be associated with the movement of the ITCZ (mean-annual 
position), yet several paleo precipitation records have shown a clear response in precipitation to 
these events (Cruz et al., 2005, 2006; Nace et al., 2014; Wang et al., 2004, 2006, 2007; Kanner et 
al., 2012). Also, during Heinrich events, the North Atlantic Ocean dynamics, and more 
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specifically AMOC strength, is the most accepted mechanism that could cause cold anomalies in 
the northern latitudes and at the same time influence tropical precipitation (Vellinga and Wood 
2002; Broccoli et al 2006; Schneider et al., 2014). However, paleo and modeling reconstructions 
during glacial conditions of lack the resolution or the precision in their age models to suggest 
that the warm temperatures in the North Atlantic during DO events and the Bolling-Allerod are 
the result stronger AMOC strength compared to Heinrich events. Nevertheless, recent glacial 
records of AMOC behavior suggest a coeval variation of AMOC strength during DO events and 
are thought to be involved in the warming and cooling experienced in the northern latitudes 
(Henry et al., 2016). Therefore, AMOC could be involved in generating the thermal anomalies 
recorded during deglaciation and the glacial period in Greenland. According to the thermal 
theory of the ITCZ (Kang et al., 2008, 2009), changes in temperatures recorded in Greenland 
during these millennial scale oscillations necessarily should also produce interhemispheric heat 
differences large enough to displace AHT and therefore the ITCZ mean position. As noted 
above, AHT and the mean position of the ITCZ are in first order proportional to changes in 
shortwave radiation, long wave radiation and ocean heat uptake (Bischoff et al., 2014), but also 
to changes in AMOC OHT (Donohoe et al., 2013; McGee et al., 2014). Thus, coeval changes in 
temperatures in Greenland and in the North Atlantic, accompanied by changes in AMOC 
strength could also explain these large rainfall variations recorded in the tropics. For example, an 
increase in northward OHT by stronger AMOC during DO events or Bolling-Allerod could 
provide a mechanism that can link simultaneous changes in Greenland temperatures, sea surface 
temperature in the North Atlantic and changes in precipitation in tropical locations. Therefore, 
During H1 the dry conditions over the entire northern South America indicate a large-scale shift 
in the mean position of the ITCZ, best explained by a totally collapsed AMOC system 
58 
 
 
(McManus et al, 2004). This would result in loss of northward OHT, thus producing a shift south 
of the AHT and consequently displacing the ITCZ towards the southern hemisphere. During the 
Bolling-Allerod, a reinvigorated AMOC (MacManus et al., 2004) could cause stronger 
northward OHT, thus producing a shift north of the AHT and consequently displacing the ITCZ 
toward northern South America. Therefore, temperature changes in Greenland accompanied by 
coeval changes in AMOC strength could explain the large changes in rainfall conditions at the 
Cariaco Basin and the Colombian eastern Andes (Fig. 12).   
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Figure 14. Proxy records of  SST in the North Atlantic, paleo-productivity in coastal Venezuela and wind strength in the Arabian Sea. Note that 
highest DO events correlate well with maximum SST in the North Atlantic and drier conditions in Colombia and Peru. Wind strength increases 
and paleo-productivity decreases correlate well with wet coherence between Colombia and Peru. A) Dust flux reconstruction from core S090-
93KL (Pourmand et al., 2004); B) Cariaco Basin total organic carbon % (Peterson et al., 2000); C) North Atlantic Bermuda Rise SST (Henry et 
al., 2016). 
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Figure 15. The map on left shows the distribution of the mean annual outgoing longwave radiation (OLR) over South America. The red line (left 
map) is a transect from the Cariaco Basin to the Colombian Andes to Peru, with the mean annual OLR in the right map (PER= Peru; COL = 
Colombian Andes; VEN = Venezuela, Cariaco Basin). The cartoon on right indicates the responses of the ITCZ to major climatic shifts during 
the last 50 kyr. Low values of OLR indicate major cloudiness and therefore are indicative of the ITCZ mean annual location. 
 
Conclusions 
 
In this study, we produced an oxygen isotope (δ18Ocalcite) record and assessed the 
variability in this signal based on stalagmites collected from the Colombian eastern Andes during 
the last 50 kyr. Because the major control on δ18Ocalcite is the rainfall amount, we infer this record 
to reflect precipitation dynamics associated with ITCZ dynamics through time. The results from 
the regional correlations of South American records and the hydroclimate response in the HFC 
δ18Ocalcite record provided important advancements regarding the forcings driving tropical climate 
change and the response of the ITCZ to changing climate on orbital and millennial time scales. 
Our main findings indicate that the magnitude in the shifts in the ITCZ mean location (over 
continental South America) is relatively small over orbital  time scales, with trends towards wet 
conditions in the eastern Colombian Andes, and dry conditions in the Cariaco Basin from part of 
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the early Holocene to middle Holocene, and again from MIS 3 to the LGM. During deglaciation, 
the ITCZ shifts south far enough to leave northern South America relatively dry at H1. Likely, 
the large magnitude ITCZ shift is explained by a collapsed AMOC system, which would result in 
a decreased northward OHT, triggering large changes in AHT and ultimately large ITCZ 
movements south. Over millennial time scales, variability between wet and dry conditions in our 
record shows variable coherence with records from north and south the equator. The 
hydrological response at these three locations (Cariaco Basin, Colombian Andes, Peru) 
distributed around the equator serves as a way to constrain the amount of movement of the ITCZ 
in response to DO and Heinrich events. Correlation with Greenland ice core temperatures, 
AMOC strength records and sea surface temperatures in the North Atlantic suggest that the 
amount of shifting in the ITCZ is proportional to the amount of warming as recorded by proxy 
records from the northern high-latitudes. The HFC record is generally dry and coherent with 
southern South America records at the largest DO events, and wet and coherent with record north 
from the equator during weaker DO events. During glacial Heinrich events, relatively wet 
conditions in Peru and Colombia may suggest that the ITCZ width expanded, rather than 
migrating alone. Additionally, correlation with paleo-productivity records and wind strength 
records suggest a coeval change in northwest trade winds. Modelling studies and additional wind 
strength reconstruction support this view, and possible indicate that in order to maintain mass 
and energy balance inside the Hadley cell the ITCZ use this mechanism in response to cold 
thermal asymmetries in the North Atlantic under cold background conditions. 
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APPENDIX 1. CARBON AND OXIGEN STABLE ISOTOPES MEASUREMENTS 
Sample H-18-2 
  
Distance 
from Top 
(mm) 
δ13C δ18O 
1 -2.734 -7.983 
2 -3.053 -7.951 
3 -3.142 -8.788 
4 -3.275 -8.603 
5 -3.353 -8.380 
6 -3.788 -9.001 
7 -4.187 -8.463 
8 -3.368 -8.233 
9 -4.011 -8.703 
10 -3.735 -8.544 
11 -3.510 -8.339 
12 -2.991 -8.025 
13 -3.725 -8.681 
14 -3.538 -8.437 
15 -3.684 -8.464 
16 -3.884 -8.345 
17 -3.713 -9.246 
18 -4.516 -8.965 
19 -4.666 -8.939 
20 -5.149 -9.336 
21 -4.701 -9.485 
22 -4.647 -8.923 
23 -4.626 -9.232 
24 -4.425 -9.227 
25 -4.844 -9.384 
26 -5.263 -9.541 
27 -4.899 -9.552 
28 -4.553 -9.393 
29 -4.206 -9.234 
30 -4.666 -9.427 
31 -4.487 -9.434 
32 -4.440 -9.234 
33 -4.355 -9.483 
34 -4.530 -9.374 
35 -3.687 -9.054 
36 -3.617 -9.202 
37 -4.008 -9.303 
38 -4.090 -9.218 
39 -3.807 -9.171 
40 -3.999 -9.187 
41 -3.840 -9.067 
42 -3.809 -9.213 
43 -4.239 -9.391 
44 -4.253 -9.381 
45 -4.267 -9.371 
46 -4.408 -9.418 
47 -4.749 -9.377 
48 -4.413 -9.142 
49 -4.013 -8.756 
50 -3.927 -9.056 
51 -3.966 -8.904 
52 -4.214 -8.857 
53 -3.953 -8.926 
54 -4.781 -9.978 
55 -4.691 -9.609 
56 -4.743 -9.178 
57 -4.747 -9.433 
58 -4.822 -9.415 
59 -5.613 -9.379 
60 -6.326 -9.990 
61 -6.729 -9.328 
62 -6.104 -9.064 
63 -6.903 -9.287 
64 -6.909 -9.288 
65 -6.802 -9.484 
66 -7.766 -9.640 
67 -7.728 -9.693 
68 -7.689 -9.746 
69 -4.962 -9.013 
70 -5.204 -8.808 
71 -5.023 -8.816 
72 -4.841 -8.824 
73 -4.293 -8.630 
74 -4.513 -8.963 
75 -4.693 -9.120 
76 -4.679 -9.162 
77 -3.790 -8.974 
78 -4.172 -8.927 
79 -4.356 -8.807 
80 -4.453 -8.825 
81 -4.549 -8.844 
82 -5.301 -9.196 
83 -5.063 -9.028 
84 -4.513 -8.960 
85 -4.503 -9.091 
86 -4.724 -9.160 
87 -4.552 -9.012 
88 -4.233 -8.976 
89 -3.915 -8.941 
90 -3.974 -9.045 
91 -5.379 -9.154 
92 -6.067 -9.545 
93 -5.318 -9.445 
94 -4.383 -9.112 
95 -4.194 -8.470 
96 -4.782 -9.063 
97 -3.963 -8.726 
98 -3.894 -8.656 
99 -3.816 -8.647 
100 -3.828 -8.117 
101 -4.151 -8.819 
102 -4.247 -8.486 
103 -4.304 -8.697 
104 -4.123 -8.622 
105 -3.693 -8.554 
106 -3.396 -8.282 
107 -3.630 -8.241 
108 -3.879 -8.699 
109 -3.797 -8.710 
73 
 
 
110 -3.588 -8.582 
111 -4.246 -9.111 
112 -4.375 -9.267 
113 -3.801 -8.751 
114 -4.506 -8.512 
115 -4.553 -8.486 
116 -3.868 -8.848 
117 -7.483 -10.904 
118 -3.707 -8.610 
119 -4.201 -8.889 
120 -5.004 -8.886 
121 -5.040 -9.006 
122 -5.127 -8.747 
123 -5.246 -8.729 
124 -6.572 -9.517 
125 -6.288 -9.054 
126 -5.897 -9.475 
127 -6.129 -9.396 
128 -6.889 -9.002 
129 -6.810 -8.911 
130 -7.597 -9.937 
131 -7.856 -10.080 
132 -7.615 -9.553 
133 -7.205 -9.394 
134 -8.085 -9.579 
135 -8.377 -9.994 
136 -7.794 -9.066 
137 -7.997 -9.254 
138 -8.051 -10.647 
139 -7.853 -9.696 
140 -7.369 -9.101 
141 -7.657 -9.640 
142 -7.188 -8.729 
143 -7.307 -9.067 
144 -7.897 -8.129 
145 -7.647 -8.263 
146 -6.998 -9.001 
147 -7.474 -8.617 
148 -6.535 -8.665 
149 -7.401 -8.549 
150 -6.349 -9.206 
151 -6.350 -9.014 
152 -6.767 -8.882 
153 -7.068 -8.851 
154 -7.527 -9.292 
155 -7.845 -8.948 
156 -7.754 -9.238 
157 -8.241 -8.911 
158 -5.102 -8.203 
159 -5.451 -8.702 
160 -4.386 -8.745 
161 -4.598 -8.969 
162 -4.811 -8.575 
163 -3.732 -7.805 
164 -4.218 -8.808 
165 -6.163 -8.889 
166 -6.504 -8.977 
167 -6.297 -8.659 
168 -6.733 -9.097 
169 -7.666 -9.270 
170 -8.014 -9.481 
171 -8.032 -9.688 
172 -8.248 -9.216 
173 -7.531 -9.279 
174 -7.621 -9.200 
175 -7.507 -9.556 
176 -6.933 -8.914 
177 -7.855 -9.433 
178 -6.079 -9.103 
179 -6.031 -9.160 
180 -4.023 -8.820 
181 -4.384 -8.430 
182 -4.153 -8.549 
183 -4.905 -8.862 
184 -4.578 -8.833 
185 -3.479 -8.357 
186 -4.243 -8.814 
187 -4.376 -8.650 
188 -3.461 -8.577 
189 -3.690 -8.651 
190 -4.312 -8.881 
191 -4.425 -8.921 
192 -4.647 -8.575 
193 -4.098 -8.692 
194 -4.409 -8.894 
195 -4.642 -9.101 
196 -4.464 -8.983 
197 -4.159 -9.281 
198 -4.438 -8.894 
199 -4.286 -9.185 
200 -4.374 -8.955 
201 -4.548 -8.822 
202 -4.316 -8.858 
203 -4.649 -8.922 
204 -4.375 -9.104 
205 -4.128 -8.903 
206 -3.697 -8.815 
207 -3.651 -8.400 
208 -4.129 -8.607 
209 -4.174 -8.814 
210 -4.120 -9.097 
211 -3.946 -8.900 
212 -3.709 -8.696 
213 -3.779 -8.832 
214 -3.479 -8.766 
215 -4.283 -8.703 
216 -4.158 -8.829 
217 -4.117 -8.929 
218 -4.087 -8.947 
219 -4.283 -9.110 
220 -4.164 -9.027 
221 -4.507 -9.165 
222 -4.532 -9.115 
223 -4.386 -8.873 
224 -4.272 -8.900 
225 -4.078 -8.816 
226 -3.059 -8.639 
227 -3.293 -8.651 
228 -3.654 -9.131 
229 -3.740 -8.609 
230 -3.653 -8.835 
231 -2.693 -8.416 
232 -1.834 -8.265 
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233 -1.955 -8.244 
234 -2.340 -8.264 
235 -2.510 -8.560 
236 -2.547 -8.376 
237 -2.597 -9.284 
238 -3.501 -9.180 
239 -3.937 -9.079 
240 -3.974 -9.213 
241 -3.497 -8.674 
242 -2.693 -8.686 
243 -3.240 -8.741 
244 -3.264 -9.169 
245 -3.037 -8.945 
246 -3.049 -8.596 
247 -3.235 -8.739 
248 -2.636 -8.256 
249 -2.811 -8.220 
250 -2.171 -8.560 
251 -2.773 -8.825 
252 -3.152 -9.021 
253 -3.137 -8.564 
254 -2.939 -8.998 
255 -2.888 -8.613 
256 -4.236 -9.226 
257 -3.785 -8.800 
258 -3.949 -8.882 
259 -3.373 -8.683 
260 -3.824 -9.153 
261 -3.969 -8.254 
262 -3.467 -8.009 
263 -3.025 -8.119 
264 -3.877 -8.346 
265 -3.748 -8.577 
266 -3.133 -8.227 
267 -3.444 -8.574 
268 -3.153 -8.608 
269 -3.498 -8.425 
270 -3.679 -8.585 
271 -3.472 -8.183 
272 -3.642 -9.089 
273 -3.610 -8.836 
274 -3.360 -8.705 
275 -3.296 -8.888 
276 -3.567 -8.631 
277 -4.215 -8.963 
278 -3.646 -8.798 
279 -3.263 -8.608 
280 -3.654 -8.801 
281 -3.641 -8.626 
282 -3.567 -8.865 
283 -3.405 -8.621 
284 -3.693 -8.658 
285 -3.486 -8.602 
286 -3.539 -8.590 
287 -3.132 -8.626 
288 -3.451 -8.598 
289 -3.769 -8.570 
290 -4.048 -8.729 
291 -4.589 -9.041 
292 -3.918 -8.551 
293 -4.169 -9.011 
294 -3.255 -8.402 
295 -4.148 -9.022 
296 -4.061 -8.770 
297 -3.214 -8.326 
298 -3.793 -8.478 
299 -4.194 -8.788 
300 -4.463 -8.745 
301 -4.115 -8.611 
302 -4.090 -8.731 
303 -3.473 -8.659 
  
 
Table 1. δ18O and δ13C measurements for sample H-18-2. 
 
 
 
 
 
 
 
 
75 
 
 
Sample H-17-1 
 
 
Distance 
from Top 
(mm) 
δ13C δ18O 
1 -5.355 -5.091 
2 -5.235 -4.715 
3 -6.707 -4.802 
4 -6.503 -4.892 
5 -5.930 -4.401 
6 -5.672 -4.649 
7 -6.319 -4.692 
8 -6.153 -5.019 
9 -6.366 -4.619 
10 -6.721 -4.849 
11 -6.726 -4.696 
12 -5.940 -4.319 
13 -5.778 -4.255 
14 -6.723 -5.224 
15 -6.729 -5.964 
16 -6.741 -5.580 
17 -6.234 -4.600 
18 -6.559 -4.923 
19 -6.845 -5.363 
20 -6.943 -5.331 
21 -7.120 -5.170 
22 -6.926 -5.025 
23 -6.919 -5.283 
24 -6.761 -5.202 
25 -7.039 -4.912 
26 -7.149 -4.958 
27 -7.258 -4.872 
28 -7.599 -4.944 
29 -6.960 -5.035 
30 -6.970 -4.953 
31 -6.872 -4.608 
32 -6.817 -4.686 
33 -6.693 -4.834 
34 -6.648 -5.523 
35 -6.967 -5.191 
36 -7.305 -4.823 
37 -7.283 -4.629 
38 -6.928 -4.255 
39 -7.265 -4.583 
40 -7.313 -4.549 
41 -7.071 -4.120 
42 -7.355 -3.932 
43 -7.066 -3.970 
44 -6.943 -4.144 
45 -6.622 -3.555 
46 -6.270 -3.653 
47 -6.391 -3.723 
48 -6.511 -3.793 
49 -7.159 -4.058 
50 -6.686 -3.231 
51 -6.768 -3.349 
52 -6.408 -3.484 
53 -6.519 -3.840 
54 -6.442 -4.109 
55 -6.258 -3.768 
56 -6.850 -3.782 
57 -6.513 -4.123 
58 -6.238 -4.068 
59 -6.135 -4.846 
60 -6.270 -4.351 
61 -6.064 -4.534 
62 -6.261 -4.624 
63 -5.663 -4.181 
64 -5.511 -4.245 
65 -6.499 -3.901 
66 -6.265 -4.866 
67 -5.800 -3.836 
68 -5.559 -6.238 
69 -5.342 -6.381 
70 -5.887 -6.720 
71 -5.195 -6.195 
72 -5.611 -6.774 
73 -5.141 -6.631 
74 -4.053 -6.004 
75 -4.966 -7.198 
76 -5.251 -7.241 
77 -5.397 -7.604 
78 -5.044 -7.596 
79 -5.148 -7.345 
80 -5.192 -7.085 
81 -5.250 -6.693 
82 -4.697 -7.205 
83 -4.601 -6.900 
84 -4.242 -7.521 
85 -5.494 -7.398 
86 -5.152 -7.253 
87 -5.886 -7.449 
88 -5.485 -7.827 
89 -5.235 -7.802 
90 -5.158 -8.464 
91 -5.518 -8.899 
92 -5.134 -8.538 
93 -5.150 -8.717 
94 -6.032 -8.730 
95 -5.811 -8.719 
96 -5.050 -8.095 
97 -5.112 -8.075 
98 -5.379 -8.384 
99 -5.747 -8.533 
100 -5.561 -8.696 
101 -4.696 -8.754 
102 -5.739 -9.120 
103 -6.488 -9.712 
104 -7.434 -9.184 
105 -6.046 -9.692 
106 -3.854 -8.248 
107 -3.994 -8.569 
108 -4.946 -8.146 
109 -5.163 -8.659 
110 -5.728 -9.055 
111 -5.284 -9.280 
112 -5.791 -9.018 
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113 -6.030 -8.972 
114 -5.855 -9.290 
115 -6.043 -9.067 
116 -5.477 -9.234 
117 -5.626 -9.123 
118 -5.504 -9.247 
119 -5.706 -9.222 
120 -5.673 -9.347 
121 -5.396 -9.136 
122 -5.443 -9.127 
123 -5.759 -9.189 
124 -5.917 -9.159 
125 -5.765 -9.366 
126 -5.474 -9.563 
127 -5.961 -9.470 
128 -5.485 -9.365 
129 -6.251 -9.851 
130 -5.440 -9.400 
131 -5.123 -9.204 
132 -5.244 -9.222 
133 -5.424 -9.298 
134 -5.236 -9.258 
135 -5.612 -9.186 
136 -6.044 -9.091 
137 -6.160 -9.248 
138 -6.334 -9.318 
139 -6.507 -9.660 
140 -6.060 -9.359 
141 -6.318 -9.296 
142 -6.488 -9.592 
143 -6.628 -9.466 
144 -6.261 -9.485 
145 -6.548 -9.648 
146 -6.361 -9.263 
147 -6.511 -9.548 
148 -6.817 -9.900 
149 -6.702 -9.732 
150 -6.530 -9.651 
151 -6.657 -10.002 
152 -6.565 -9.458 
153 -6.619 -9.663 
154 -6.891 -9.677 
155 -7.115 -10.199 
156 -6.784 -10.283 
157 -6.756 -9.755 
158 -7.087 -10.076 
159 -6.770 -9.730 
160 -6.818 -9.869 
161 -7.312 -9.706 
162 -7.393 -9.771 
163 -6.881 -9.419 
164 -6.092 -9.173 
165 -7.133 -10.016 
166 -6.938 -9.561 
 
 
Table 2. δ18O and δ13C measurements for sample H-17-1. 
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Sample H-17-3 
 
 
Distance 
from Top 
(mm) 
δ13C δ18O 
1 -6.958 -8.456 
2 -6.919 -8.859 
3 -6.587 -8.867 
4 -6.262 -8.834 
5 -6.145 -8.556 
6 -6.394 -8.731 
7 -6.367 -9.030 
8 -6.400 -9.017 
9 -6.389 -8.593 
10 -6.420 -8.696 
11 -6.556 -9.025 
12 -6.167 -8.759 
13 -6.268 -8.716 
14 -6.367 -8.758 
15 -6.560 -8.803 
16 -6.044 -8.597 
17 -5.462 -8.479 
18 -6.096 -8.696 
19 -6.113 -8.531 
20 -6.026 -8.683 
21 -5.989 -8.788 
22 -6.049 -8.777 
23 -5.994 -8.861 
24 -5.941 -8.735 
25 -5.681 -8.533 
26 -5.821 -8.769 
27 -5.721 -8.903 
28 -5.543 -8.936 
29 -5.462 -8.858 
30 -5.523 -8.900 
31 -5.674 -8.673 
32 -5.685 -8.869 
33 -5.483 -8.528 
34 -5.547 -8.730 
35 -5.482 -8.807 
36 -5.572 -8.783 
37 -5.350 -8.517 
38 -5.288 -8.422 
39 -5.299 -8.449 
40 -4.831 -8.094 
41 -4.631 -7.987 
42 -4.409 -8.150 
43 -4.187 -8.313 
44 -3.710 -8.089 
45 -3.233 -7.865 
46 -3.303 -7.769 
47 -3.373 -7.674 
48 -3.517 -7.731 
49 -3.601 -7.984 
50 -3.180 -7.992 
51 -2.944 -8.536 
52 -3.512 -7.830 
53 -3.753 -7.975 
54 -3.536 -8.255 
55 -3.907 -8.157 
56 -3.896 -8.132 
57 -3.029 -8.211 
58 -2.818 -8.936 
59 -3.089 -8.195 
60 -3.203 -8.492 
61 -4.072 -8.660 
62 -3.529 -8.683 
63 -3.560 -8.848 
64 -3.911 -8.739 
65 -4.129 -8.192 
66 -4.337 -8.705 
67 -4.801 -8.745 
68 -5.066 -9.141 
69 -5.027 -8.845 
70 -4.742 -8.862 
71 -5.995 -9.447 
72 -6.078 -9.202 
73 -6.080 -9.555 
74 -6.190 -9.356 
75 -6.136 -9.820 
76 -6.137 -9.945 
77 -5.801 -9.201 
78 -5.668 -9.860 
79 -6.524 -9.367 
80 -6.338 -9.414 
81 -6.448 -9.355 
82 -6.418 -10.291 
83 -6.240 -9.399 
84 -6.375 -9.307 
85 -7.003 -9.525 
86 -6.859 -9.442 
87 -6.763 -9.634 
88 -6.932 -9.755 
89 -6.459 -9.919 
90 -6.870 -10.012 
91 -7.161 -10.198 
92 -6.640 -10.141 
93 -6.364 -9.648 
94 -6.608 -9.726 
95 -6.338 -9.663 
96 -6.268 -9.823 
97 -6.445 -9.893 
98 -6.355 -10.069 
99 -6.185 -9.937 
100 -6.583 -9.963 
101 -6.115 -9.628 
102 -6.162 -9.631 
103 -6.443 -9.705 
104 -5.935 -9.342 
105 -5.940 -9.359 
106 -5.926 -9.329 
107 -5.947 -9.083 
108 -6.137 -9.302 
109 -5.978 -8.996 
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110 -5.692 -8.913 
111 -6.221 -9.127 
112 -6.037 -8.767 
113 -5.900 -8.542 
114 -6.090 -8.648 
115 -6.145 -8.913 
116 -6.223 -9.107 
117 -6.035 -9.184 
118 -5.877 -9.171 
119 -5.594 -9.289 
120 -5.392 -9.103 
121 -5.683 -8.556 
122 -6.018 -8.773 
123 -6.261 -8.967 
124 -5.326 -9.026 
125 -6.086 -8.709 
126 -6.071 -8.869 
127 -6.355 -8.829 
128 -6.006 -8.708 
129 -5.932 -8.955 
130 -6.419 -9.097 
131 -6.076 -8.744 
132 -6.171 -8.729 
133 -6.069 -8.867 
134 -6.106 -8.877 
135 -6.147 -8.877 
136 -5.803 -8.753 
137 -5.671 -8.685 
138 -6.111 -8.852 
139 -5.912 -8.685 
140 -5.275 -8.360 
141 -5.942 -8.735 
142 -6.377 -8.786 
143 -6.324 -8.753 
144 -5.828 -8.551 
145 -5.777 -8.401 
146 -6.237 -8.537 
147 -5.834 -8.511 
148 -5.493 -8.344 
149 -5.411 -8.463 
150 -5.385 -8.723 
151 -5.494 -8.798 
152 -5.541 -8.801 
153 -5.825 -8.912 
154 -5.470 -8.559 
155 -5.804 -8.590 
156 -6.070 -8.487 
157 -5.919 -8.153 
158 -5.323 -8.144 
159 -5.383 -8.068 
160 -6.177 -8.212 
161 -6.306 -8.570 
162 -5.836 -8.957 
163 -6.027 -9.199 
164 -5.421 -8.997 
165 -5.478 -9.374 
166 -6.100 -9.577 
167 -6.148 -9.495 
168 -5.733 -9.467 
169 -6.104 -9.477 
170 -5.980 -9.492 
171 -5.731 -9.239 
172 -5.750 -9.389 
173 -5.049 -9.178 
174 -5.816 -9.468 
175 -5.444 -9.287 
176 -5.526 -9.191 
177 -5.646 -9.338 
178 -5.560 -9.244 
179 -5.705 -9.250 
180 -5.457 -9.066 
181 -4.952 -8.539 
182 -5.526 -9.208 
183 -5.748 -9.493 
184 -5.888 -9.287 
185 -5.935 -9.376 
186 -5.933 -9.112 
187 -5.250 -8.563 
188 -5.840 -8.920 
189 -5.363 -8.577 
190 -5.827 -8.801 
191 -6.169 -8.784 
192 -5.761 -8.676 
193 -5.714 -8.496 
194 -6.019 -8.603 
195 -5.557 -8.124 
196 -5.770 -8.360 
197 -5.635 -8.141 
198 -6.089 -8.592 
199 -5.654 -8.131 
200 -6.070 -8.639 
201 -5.418 -8.537 
202 -5.411 -8.337 
203 -5.250 -8.257 
204 -5.185 -8.501 
205 -5.418 -8.860 
206 -5.156 -8.933 
207 -5.294 -9.154 
208 -5.059 -9.046 
209 -5.509 -9.298 
210 -5.681 -9.397 
211 -6.255 -9.292 
212 -6.571 -9.285 
213 -6.435 -9.251 
214 -6.595 -9.448 
215 -6.651 -9.470 
216 -5.250 -8.977 
217 -6.123 -9.294 
218 -6.485 -9.329 
219 -6.311 -9.077 
220 -6.305 -9.326 
221 -6.367 -9.369 
222 -5.947 -9.349 
223 -6.474 -9.475 
224 -6.350 -9.428 
225 -6.231 -9.238 
226 -6.361 -9.171 
227 -6.268 -9.023 
228 -6.179 -9.088 
229 -6.304 -9.102 
230 -6.351 -9.100 
231 -6.398 -8.992 
232 -5.832 -9.022 
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233 -4.614 -8.701 
234 -6.087 -9.041 
235 -4.986 -8.788 
236 -6.067 -8.864 
237 -6.060 -8.931 
238 -6.251 -9.026 
239 -6.119 -9.191 
240 -6.406 -9.070 
241 -6.318 -9.262 
242 -5.944 -8.999 
243 -6.311 -9.478 
244 -6.180 -9.141 
245 -6.139 -9.012 
246 -6.099 -8.884 
247 -6.397 -9.027 
248 -6.063 -9.007 
249 -6.622 -9.367 
250 -6.168 -9.223 
251 -5.955 -9.179 
252 -5.728 -9.187 
253 -5.797 -9.080 
254 -5.863 -9.147 
255 -5.904 -9.224 
256 -5.598 -9.126 
257 -4.891 -8.817 
258 -4.335 -8.445 
259 -5.593 -8.874 
260 -6.005 -9.066 
261 -5.941 -8.854 
262 -5.829 -8.615 
263 -5.577 -8.571 
264 -5.744 -8.534 
265 -5.061 -8.284 
266 -5.720 -8.655 
267 -5.675 -8.392 
268 -5.146 -8.019 
269 -4.866 -7.986 
270 -5.436 -8.289 
271 -4.928 -7.915 
272 -4.987 -7.974 
273 -5.255 -8.188 
274 -5.435 -8.423 
275 -3.708 -7.901 
276 -4.665 -8.380 
277 -4.646 -8.546 
278 -5.074 -8.944 
279 -4.810 -8.842 
280 -4.730 -8.768 
281 -4.508 -8.688 
282 -4.623 -8.728 
283 -4.788 -8.694 
284 -4.897 -9.067 
285 -4.984 -9.213 
286 -4.996 -9.291 
287 -5.428 -9.437 
288 -5.299 -9.153 
289 -4.930 -9.209 
290 -4.843 -9.128 
291 -4.645 -9.009 
292 -4.149 -8.989 
293 -3.927 -8.856 
294 -3.792 -8.857 
295 -3.925 -8.797 
296 -3.745 -8.676 
297 -3.849 -8.778 
298 -3.871 -8.602 
299 -3.625 -8.407 
300 -3.524 -8.375 
301 -3.851 -8.205 
302 -3.518 -8.252 
303 -3.583 -7.966 
304 -3.594 -7.985 
305 -3.756 -8.054 
306 -3.655 -8.212 
307 -3.514 -8.231 
308 -3.591 -8.286 
309 -3.776 -8.830 
310 -3.660 -8.536 
311 -3.667 -8.866 
312 -3.430 -8.868 
313 -3.839 -9.040 
314 -3.673 -8.989 
315 -3.807 -9.180 
316 -3.684 -9.130 
317 -3.727 -9.028 
318 -3.748 -9.138 
319 -3.739 -8.958 
320 -3.524 -8.949 
321 -4.310 -9.475 
322 -4.474 -9.488 
323 -4.274 -9.060 
324 -4.143 -8.948 
325 -4.539 -9.192 
326 -4.470 -9.212 
327 -5.046 -9.368 
328 -5.118 -9.484 
329 -4.987 -9.171 
330 -5.025 -9.119 
 
 
Table 3. δ18O and δ13C measurements for sample H-17-3. 
 
 
 
80 
 
 
Sample C-17-2 
 
 
Distance 
from Top 
(mm) 
δ13C δ18O 
1 -1.517 -7.428 
2 -1.290 -7.412 
3 -0.140 -6.863 
4 -0.101 -6.588 
5 0.466 -6.692 
6 -0.150 -7.042 
7 -0.252 -7.302 
8 -0.873 -7.443 
9 -0.963 -7.274 
10 -1.053 -7.105 
11 -1.142 -6.935 
12 -1.232 -6.766 
13 -1.322 -6.597 
14 -0.881 -6.117 
15 -1.645 -6.291 
16 -2.101 -6.200 
17 -1.929 -6.162 
18 -2.025 -6.273 
19 -2.451 -6.632 
20 -2.712 -6.878 
21 -2.981 -6.348 
22 -2.506 -6.084 
23 -2.558 -6.248 
24 -2.434 -5.957 
25 -2.709 -6.048 
26 -2.454 -5.952 
27 -2.790 -5.937 
28 -2.327 -5.641 
29 -2.095 -5.372 
30 -2.710 -5.765 
31 -2.403 -5.683 
32 -2.496 -5.471 
33 -2.529 -5.501 
34 -2.080 -5.265 
35 -2.301 -5.139 
36 -2.593 -5.247 
37 -2.604 -5.227 
38 -2.174 -4.944 
39 -1.289 -4.812 
40 -1.406 -4.868 
41 -1.516 -4.711 
42 -1.621 -4.584 
43 -2.555 -4.956 
44 -2.871 -5.013 
45 -1.844 -4.619 
46 -1.907 -4.748 
47 -1.827 -4.643 
48 -2.285 -4.781 
49 -0.585 -5.364 
50 -2.335 -6.079 
51 -2.790 -5.679 
52 -3.037 -3.769 
53 -2.961 -3.477 
54 -3.257 -3.049 
55 -3.070 -2.984 
56 -3.480 -2.442 
57 -3.377 -2.113 
58 -3.805 -2.339 
59 -3.717 -1.967 
60 -4.086 -2.835 
61 -3.964 -3.633 
62 -4.345 -4.827 
63 -4.457 -5.707 
64 -4.351 -5.905 
65 -4.626 -6.305 
66 -4.406 -6.786 
67 -4.278 -6.870 
68 -4.358 -6.643 
69 -3.690 -5.993 
70 -3.100 -5.708 
71 -2.731 -5.944 
72 -2.385 -6.855 
73 -2.598 -6.757 
74 -2.637 -7.495 
75 -2.800 -7.731 
76 -2.544 -7.876 
77 -2.374 -7.437 
78 -2.637 -7.486 
79 -2.479 -7.474 
80 -2.270 -7.669 
81 -2.708 -7.478 
82 -2.554 -7.561 
83 -2.548 -7.198 
84 -2.400 -6.068 
85 -2.596 -6.296 
86 -3.375 -7.524 
87 -3.145 -7.947 
88 -3.377 -8.049 
89 -3.466 -8.260 
90 -3.379 -7.875 
91 -3.622 -8.014 
92 -3.625 -7.866 
93 -3.350 -7.896 
94 -3.552 -8.087 
95 -3.532 -7.876 
96 -3.826 -8.705 
97 -3.743 -8.777 
98 -3.949 -8.558 
99 -3.889 -8.089 
100 -3.868 -8.265 
101 -3.877 -8.012 
102 -3.700 -8.113 
103 -3.678 -8.014 
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104 -3.964 -7.945 
105 -3.752 -7.939 
106 -3.234 -7.478 
107 -2.115 -7.691 
108 -2.688 -7.806 
109 -2.517 -8.100 
110 -2.939 -7.819 
111 -2.577 -7.606 
112 -2.879 -7.464 
113 -2.860 -7.695 
114 -2.498 -7.326 
115 -2.131 -7.187 
116 -2.230 -8.205 
117 -2.264 -7.896 
118 -2.380 -7.367 
119 -2.088 -7.229 
120 -2.197 -7.465 
121 -2.306 -7.700 
122 -2.319 -7.931 
123 -2.331 -8.162 
124 -2.436 -8.374 
125 -2.541 -8.586 
126 -2.743 -8.643 
127 -2.376 -8.463 
128 -2.163 -8.612 
129 -3.275 -9.144 
130 -2.716 -8.503 
131 -2.855 -8.239 
132 -2.684 -7.864 
133 -2.900 -8.057 
134 -2.727 -8.078 
135 -2.511 -8.019 
136 -2.243 -7.745 
137 -1.508 -7.619 
138 -1.602 -7.336 
139 -2.555 -7.840 
140 -2.639 -7.926 
141 -2.423 -7.483 
142 -2.523 -7.336 
143 -3.146 -8.118 
144 -2.919 -8.115 
145 -3.045 -8.533 
146 -2.956 -8.832 
147 -2.679 -8.717 
148 -2.984 -8.770 
149 -2.803 -8.827 
150 -2.858 -8.979 
151 -2.451 -8.748 
152 -2.374 -7.843 
153 -1.826 -7.024 
154 -1.355 -8.101 
155 -1.765 -8.406 
156 -1.788 -8.224 
157 -2.007 -7.973 
158 -1.999 -7.490 
159 -1.976 -8.600 
160 -3.766 -8.697 
161 -3.806 -8.452 
162 -3.627 -8.285 
163 -2.839 -8.057 
164 -3.255 -7.736 
165 -3.032 -7.522 
166 -3.536 -7.544 
167 -3.420 -8.520 
168 -4.231 -8.973 
169 -4.177 -9.148 
170 -4.122 -9.087 
171 -4.122 -8.848 
172 -4.531 -9.067 
173 -3.933 -8.255 
174 -3.845 -8.132 
175 -4.076 -8.367 
176 -3.767 -8.302 
177 -4.066 -8.734 
178 -3.755 -8.643 
179 -4.525 -9.074 
180 -4.901 -9.317 
181 -4.351 -9.211 
182 -4.528 -9.294 
183 -4.448 -9.154 
184 -4.101 -9.126 
185 -3.699 -9.073 
186 -3.629 -8.947 
187 -4.184 -9.243 
188 -4.217 -9.214 
189 -3.811 -9.001 
190 -3.750 -9.136 
191 -3.377 -8.978 
192 -2.721 -8.771 
193 -3.796 -8.951 
194 -3.029 -8.632 
195 -3.043 -8.694 
196 -3.474 -8.607 
197 -2.809 -8.187 
198 -3.875 -8.422 
199 -4.333 -8.294 
200 -4.229 -8.162 
201 -4.000 -7.729 
202 -4.155 -7.856 
203 -4.006 -7.664 
204 -4.226 -7.976 
205 -3.927 -7.983 
206 -3.455 -8.003 
207 -4.194 -8.563 
208 -4.395 -8.907 
209 -4.292 -9.160 
210 -3.814 -9.357 
211 -3.750 -9.355 
212 -4.104 -9.484 
213 -4.432 -9.699 
214 -4.373 -9.654 
215 -4.479 -9.632 
216 -3.333 -9.102 
217 -3.078 -9.062 
218 -3.343 -9.145 
219 -3.609 -9.227 
220 -4.461 -9.612 
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221 -4.474 -9.314 
222 -4.494 -9.179 
223 -4.447 -8.535 
224 -4.363 -8.301 
225 -4.295 -7.912 
226 -4.122 -7.649 
227 -3.620 -7.676 
228 -4.429 -8.144 
229 -3.998 -8.068 
230 -3.525 -8.226 
231 -4.139 -9.177 
232 -3.620 -9.117 
233 -3.588 -9.259 
234 -3.458 -9.284 
235 -2.947 -9.070 
236 -3.091 -8.757 
237 -2.643 -9.051 
238 -2.558 -9.073 
239 -2.975 -9.094 
240 -3.181 -9.136 
241 -4.329 -9.566 
242 -4.295 -9.592 
243 -3.988 -8.943 
244 -3.906 -8.672 
245 -3.297 -7.763 
246 -3.461 -7.850 
247 -4.713 -8.227 
248 -4.647 -8.277 
249 -4.704 -8.372 
250 -4.531 -8.084 
251 -3.903 -7.628 
252 -3.631 -7.452 
253 -3.508 -7.612 
254 -2.332 -6.888 
255 -2.362 -6.863 
256 -3.152 -7.386 
257 -2.488 -7.356 
258 -1.671 -8.102 
259 -1.497 -8.416 
260 -2.766 -8.652 
261 -3.538 -9.281 
262 -2.224 -8.582 
263 -3.404 -9.227 
264 -3.421 -9.396 
265 -2.643 -8.658 
266 -3.310 -9.212 
267 -3.099 -9.041 
268 -3.686 -9.196 
269 -2.385 -8.591 
270 -3.274 -8.959 
271 -3.521 -9.215 
272 -3.762 -9.227 
273 -2.988 -8.986 
274 -3.269 -9.084 
275 -2.824 -8.861 
276 -3.257 -8.912 
277 -3.276 -9.084 
278 -3.399 -8.960 
279 -3.475 -8.870 
280 -2.812 -8.158 
281 -4.119 -8.559 
282 -4.271 -8.337 
283 -3.937 -8.256 
284 -3.895 -8.206 
285 -3.697 -8.323 
286 -3.661 -8.282 
287 -3.402 -8.121 
288 -3.163 -7.720 
289 -3.175 -7.860 
290 -3.544 -8.054 
291 -3.156 -7.758 
292 -4.552 -8.025 
293 -3.789 -7.956 
294 -4.102 -7.908 
295 -3.485 -7.700 
296 -4.731 -8.100 
297 -4.275 -8.073 
298 -4.396 -7.965 
299 -4.663 -8.049 
300 -4.300 -7.990 
301 -4.913 -8.118 
302 -4.807 -8.228 
303 -4.774 -8.313 
304 -4.797 -8.166 
305 -4.408 -8.036 
306 -2.533 -7.802 
307 -3.490 -7.918 
308 -3.032 5.735 
309 -2.798 -7.720 
310 -4.145 -8.240 
311 -4.577 -8.477 
312 -4.632 -8.565 
313 -4.664 -8.860 
314 -4.211 -8.493 
315 -3.932 -8.581 
316 -4.415 -8.732 
317 -3.679 -8.917 
318 -3.642 -8.706 
319 -3.763 -9.076 
320 -4.127 -9.262 
321 -4.557 -9.189 
322 -4.651 -9.602 
323 -4.487 -9.252 
324 -4.273 -8.732 
325 -3.513 -8.715 
326 -3.446 -8.978 
327 -4.286 -8.762 
328 -4.103 -8.209 
329 -4.299 -7.997 
330 -4.154 -7.978 
331 -4.371 -7.763 
332 -4.305 -8.057 
333 -4.278 -7.604 
334 -4.195 -7.568 
335 -3.303 -6.783 
336 -4.725 -6.962 
337 -4.612 -6.757 
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338 -4.749 -6.661 
339 -4.889 -6.534 
340 -4.654 -6.146 
341 -4.928 -6.549 
342 -4.898 -6.319 
343 -5.071 -6.651 
344 -4.996 -6.361 
345 -4.900 -6.871 
346 -4.696 -6.646 
347 -4.775 -8.176 
348 -5.152 -8.681 
349 -5.201 -9.497 
350 -5.121 -9.975 
351 -4.868 -9.997 
352 -4.744 -10.011 
353 -4.972 -10.187 
354 -4.826 -10.163 
355 -4.810 -10.177 
356 -4.759 -10.125 
357 -4.915 -10.025 
358 -4.981 -10.071 
359 -4.755 -9.454 
360 -4.519 -9.408 
361 -3.753 -8.437 
362 -2.464 -7.928 
363 -4.718 -8.635 
364 -4.339 -8.984 
365 -4.514 -8.800 
366 -3.332 -8.458 
367 -4.674 -9.114 
368 -4.742 -9.206 
369 -4.378 -8.892 
370 -4.020 -8.806 
371 -3.421 -8.799 
372 -4.051 -8.769 
373 -3.496 -9.577 
374 -4.154 -9.015 
375 -4.354 -9.078 
376 -3.698 -8.400 
377 -3.915 -8.705 
378 -2.852 -8.210 
379 -2.905 -7.934 
380 -3.500 -7.707 
381 -2.960 -7.446 
382 -3.175 -7.728 
383 -3.096 -7.473 
384 -2.961 -7.359 
385 -2.441 -7.442 
386 -4.316 -8.556 
387 -3.492 -8.254 
388 -3.668 -8.692 
389 -3.463 -8.715 
390 -3.150 -8.857 
391 -3.419 -9.141 
392 -3.637 -8.908 
393 -4.027 -9.073 
394 -3.951 -9.402 
395 -3.516 -9.099 
396 -3.181 -8.894 
397 -3.571 -9.467 
398 -3.266 -8.546 
399 -2.795 -7.413 
400 -2.751 -7.733 
401 -3.415 -7.631 
402 -3.372 -7.704 
403 -3.710 -7.927 
404 -3.269 -7.636 
405 -3.649 -7.723 
406 -3.669 -7.810 
407 -3.559 -7.877 
408 -3.455 -7.769 
409 -3.514 -7.789 
410 -3.540 -8.014 
411 -3.676 -8.068 
412 -3.894 -8.204 
413 -3.782 -8.301 
414 -3.382 -8.248 
415 -3.202 -8.420 
416 -2.855 -8.669 
417 -3.228 -9.584 
418 -2.970 -9.556 
419 -2.984 -9.115 
420 -3.149 -9.162 
421 -2.969 -9.462 
422 -2.718 -9.132 
423 -3.227 -9.645 
424 -3.247 -9.468 
425 -3.311 -9.150 
426 -3.537 -9.203 
427 -3.560 -9.130 
428 -3.547 -9.420 
429 -2.982 -8.607 
430 -3.027 -8.198 
431 -3.090 -8.099 
432 -3.114 -7.978 
433 -3.367 -8.050 
434 -3.322 -7.967 
435 -3.603 -8.454 
436 -3.067 -8.200 
437 -3.353 -8.376 
438 -3.575 -8.297 
439 -3.213 -8.275 
440 -3.733 -8.160 
441 -3.016 -8.036 
442 -3.315 -7.784 
443 -3.312 -7.797 
444 -3.309 -7.810 
445 -2.934 -7.849 
446 -2.940 -8.026 
447 -2.372 -7.708 
448 -2.602 -7.522 
449 -2.514 -7.462 
450 -2.848 -7.561 
451 -3.261 -7.624 
452 -3.308 -7.708 
453 -3.515 -7.743 
454 -3.474 -7.605 
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455 -3.852 -8.114 
456 -3.942 -8.022 
457 -3.596 -7.782 
458 -3.463 -7.760 
459 -3.888 -8.073 
460 -3.377 -8.113 
461 -2.788 -7.486 
462 -2.659 -7.438 
463 -3.359 -7.559 
464 -3.522 -8.091 
465 -3.425 -7.800 
466 -3.554 -8.105 
467 -3.915 -7.973 
468 -4.002 -8.229 
469 -2.830 -7.654 
470 -2.530 -8.008 
471 -3.067 -8.308 
472 -3.174 -8.631 
473 -3.133 -8.921 
474 -3.010 -9.133 
475 -2.934 -8.656 
476 -2.787 -8.502 
477 -3.136 -8.800 
478 -3.117 -8.872 
479 -3.102 -8.689 
480 -3.221 -8.748 
481 -3.339 -8.807 
482 -3.091 -8.495 
483 -3.510 -8.797 
484 -3.407 -8.441 
485 -2.942 -8.141 
486 -2.996 -7.781 
487 -3.274 -7.825 
488 -3.324 -7.830 
489 -3.624 -7.678 
490 -3.394 -7.383 
491 -3.143 -7.534 
492 -3.169 -7.231 
493 -3.230 -7.224 
494 -3.532 -7.233 
495 -3.586 -7.227 
496 -3.455 -7.386 
497 -3.320 -8.005 
498 -3.160 -8.257 
499 -3.264 -8.832 
500 -2.837 -9.012 
501 -3.003 -8.632 
502 -3.550 -8.355 
503 -3.386 -8.486 
504 -3.655 -8.441 
505 -3.924 -8.397 
506 -3.882 -8.407 
507 -3.992 -8.351 
508 -3.743 -8.310 
509 -3.347 -7.763 
510 -3.217 -7.999 
511 -3.537 -8.045 
512 -3.647 -8.004 
513 -3.756 -7.964 
514 -3.751 -7.974 
 
 
Table 4. δ18O and δ13C measurements for sample C-17-2. 
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APPENDIX 2. OXYGEN AND DEUTERIUM STABLE ISOTOPES IN RAINFALL 
SAMPLES 
 
 
Identifier δ18O δD 
Rainfall Amount 
(mm) 
Date Collected 
A1 -5.7248 -30.953 5 6-Aug 
A2 -7.8839 -47.513 6 7-Aug 
A3 -9.5268 -58.649 5 8-Aug 
A4 -7.2324 -47.259 1 9-Aug 
A5 -3.3676 -23.337 2 10-Aug 
A6 -6.9220 -42.077 2 11-Aug 
A7 -8.4662 -53.361 5 12-Aug 
A8 -5.7832 -30.758 1 16-Aug 
A9 -6.9626 -38.890 6 17-Aug 
A10 -8.7777 -63.226 4 18-Aug 
B1 -8.1064 -52.308 1 21-Aug 
B2 -7.2291 -53.681 4 23-Aug 
B3 -7.7929 -48.009 4 25-Aug 
B4 -7.4727 -43.428 6 27-Aug 
B6 -7.1748 -40.081 2 28-Aug 
B7 -7.2016 -39.941 6 29-Aug 
B8 -7.2020 -39.944 3 1-Sep 
B9 -8.3892 -48.532 10 5-Sep 
B10 -8.1022 -45.670 2 7-Sep 
B11 -8.2012 -47.882 1 17-Sep 
B12 -8.2979 -49.752 1 18-Sep 
B13 -7.5356 -41.161 7 21-Sep 
B14 -10.7261 -69.767 3 23-Sep 
B15 -8.6279 -55.278 1 24-Sep 
B16 -4.7143 -24.957 1 25-Sep 
B17 -7.6168 -45.672 4 1-Oct 
B18 -7.3755 -41.834 3 3-Oct 
B19 -9.3244 -61.175 6 4-Oct 
B20 -10.1555 -67.630 5 5-Oct 
B21 -9.6624 -60.824 10 10-Oct 
C1 -11.6581 -81.397 5 12-Oct 
C2 -16.7208 -117.741 6 13-Oct 
C3 -8.2900 -53.333 5 18-Oct 
C7 -12.5764 -85.869 10 19-Oct 
C8 -12.287 -82.647 5 24-Oct 
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C9 -12.628 -96.258 5 25-Oct 
C10 -15.843 -112.388 5 27-Oct 
C11 -13.736 -94.673 2 28-Oct 
C12 -11.879 -79.818 4 30-Oct 
C13 -12.753 -85.912 7 31-Oct 
C14 -13.703 -95.455 5 2-Nov 
C15 -13.697 -95.709 7 10-Nov 
C16 -16.973 -125.214 6 12-Nov 
C17 -10.488 -70.565 4 14-Nov 
C18 -10.496 -69.176 3 15-Nov 
D1 -7.954 -54.635 5 16-Nov 
D2 -10.168 -78.936 5 18-Nov 
D3 -9.152 -60.646 6 20-Nov 
D4 -10.459 -68.967 5 22-Nov 
D5 -10.400 -68.337 4 23-Nov 
D6 -10.500 -69.119 7 24-Nov 
D7 -10.343 -68.340 3 25-Nov 
D8 -10.556 -69.483 3 26-Nov 
D9 -10.339 -68.419 6 27-Nov 
D10 -9.309 -60.166 7 28-Nov 
D11 -10.675 -71.866 5 29-Nov 
E1 -3.832 -18.021 2 30-Nov 
E2 -1.409 1.896 2 2-Dec 
E3 -7.137 -40.259 6 3-Dec 
E4 -5.128 -24.651 1 4-Dec 
 
 
Table 5. Rainfall samples information including δ18O and δD measurements of rain samples at El Peñón, Colombia. 
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APPENDIX 3. URANIUM THORIUM DATING INFORMATION FOR COLOMBIAN 
STALAGMITES 
 
 
Id_ 
Distance 
from top 
(mm) 
238U 
(ppb) 
232Th 
(ppt) 
230Th/232Th 
activity 
230Th/238U 
activity 
d234U 
measured 
d234U 
initial 
Uncorrected 
age (yrs.) 
Age (yrs. BP) 
H-17-1/1 
_7 
1628.32±
2.01 
11±19 
63064± 
114335 
0.1331± 
0.0007 
28± 
1 
29± 
1 
15113 
±85 
15081 
±103 
H-17-1/2 
_85 
1010.89±
0.87 
23±22 
20162± 
19339 
0.1492± 
0.0010 
35± 
1 
37± 
1 
16963 
±127 
16902 
±141 
H-17-1/3 
_165 
763.62± 
0.76 
546±21 
775± 
29 
0.1813± 
0.0008 
29± 
1 
31± 
1 
21116 
±103 
20941 
±115 
C-17-2/1 
_24 
860.41± 
1.54 
150±99 
1773± 
1146 
0.0990± 
0.0005 
283± 
2 
290± 
2 
8728 
±47 
8637 
±81 
C-17-2/2 
_60 
1251.47± 
2.62 
721±75 
974± 
102 
0.1836± 
0.0006 
330± 
2 
345± 
2 
16112 
±59 
16025 
±65 
C-17-2/3 
_110 
 
610.73± 
1.08 
 
133±50 
3506± 
1323 
0.2492± 
0.0007 
317± 
2 
338± 
2 
22672 
±80 
22553 
±98 
C-17-2/4 
_280 
 
1249.09± 
2.02 
 
66±70 
21444± 
22710 
0.3730± 
0.0010 
287± 
2 
319± 
2 
36813 
±125 
36763 
±137 
C-17-2/5 
_494 
1457.14± 
1.56 
128±75 
16089± 
9399 
0.4614± 
0.0011 
274± 
1 
314± 
1 
48169 
±151 
48118 
±154 
C-17-2/6 
_500 
2903.96± 
5.94 
173±74 
23741± 
10196 
0.4637± 
0.0013 
278± 
2 
318± 
2 
48291 
±1187 
48263 
±188 
H-17-1/1 
_5 
2744.13±
2.16 
2221.2± 
44.5 
3348±  
67 
0.164408± 
0.00036 
57.0± 
 1.1 
60.0± 
1.1 
18405   
±48.2 
18383 
±49 
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H-17-1/2 
_40 
2121.12±
1.70 
131± 22 
8950±  
1489 
0.1804± 
0.0004 
60± 
 1 
63± 
1 
20319   
±56 
20276 
±60 
H-17-1/3 
_80 
1658.58±
2.97 
108± 15 
10105±  
1361 
0.2109± 
0.0006 
64± 
 1 
68± 
1 
24040   
±78 
23988 
±82 
H-17-1/4 
_185 
1796.18±
1.87 
53± 4 
24759±  
2062 
0.2386± 
0.0008 
60± 
 1 
65± 
1 
27734   
±116 
27693 
±116 
H-17-1/5 
_210 
2053.23±
2.02 
272.2± 
48.9 
30395± 
 5456 
0.244415± 
0.00055 
56± 
 1.1 
60.7± 
1.1 
28634   
±81 
28630 
±81 
H-17-1/6 
_247 
1342.43±
1.19 
24.4± 
41.2 
226495± 
382218 
0.249970± 
0.00056 
53.7± 
 1.1 
58.4± 
1.1 
29453   
±83 
29452 
±83 
H-17-1/7 
_291 
1167.72±
1.03 
316.2± 
39.4 
16561±  
2064 
0.272041± 
0.00072 
53.7± 
 1.1 
58.9± 
1.2 
32472   
±107 
32465 
±107 
H-18-2/1 
_10 
1541.91±
1.53 
122.7± 
33.3 
674±  
184 
0.003252± 
0.00008 
-60.4± 
0.9 
-60.4± 
0.9 
378± 
9 
376 
±9 
H-18-2/2 
_24 
1744.44±
1.33 
541.9± 
1.9 
237±  
4 
0.004475± 
0.00007 
-56.0± 
 0.9 
-56.1± 
0.9 
518 ± 
8 
508 
±9 
H-18-2/3 
_50 
2149.68±
1.80 
70.8± 
40.7 
2908±  
1670 
0.005812± 
0.00006 
-56.5± 
0.9 
-56.6± 
0.9 
674± 
7 
673 
±7 
H-18-2/4 
_72 
2395.85±
1.88 
179.3± 
39.2 
1477±  
323 
0.006705± 
0.00007 
-57.7± 
 0.9 
-57.6± 
0.9 
779± 
8 
776 
±8 
H-18-2/5 
_155 
1149.79±
1.02 
138.9± 
32.7 
1576±  
372 
0.011551± 
0.00010 
-40.1± 
 1 
-40.2± 
1 
1320   
±12 
1316 
±12 
H-18-2/6 
_185 
2158.58±
2.85 
103.9± 
31.5 
4285±  
1298 
0.012513± 
0.00007 
-61.8± 
0.9 
-62.1± 
0.9 
1464± 
8 
1463 
±8 
H-18-2/7 
_328 
1360.79±
1.35 
18562.8
± 33.5 
53±  
0 
0.043614± 
0.00014 
-50.3± 
0.9 
-51± 
1 
5128   
±18 
4709 
±210 
 
 
Table 6. Uranium thorium dating information for Colombian stalagmites. Correction for initial 230Th=0.0000044; Initial230Th/232Th=±0.00000232. 
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APPENDIX 4. SUPPLEMENTAL FIGURES  
 
 
 
 
 
Figure 16. Proxy records of  temperature in northern Greenland (North Greenland ice core project members, 2004) and rainfall in the Colombian 
eastern Andes (this study). Note that smaller DO events are antiphased with wet conditions in Colombia, and large/persistent DO events are in 
phase with dry conditions in Colombia.  
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Figure 17. Proxy records of rainfall in Cariaco Basin Venezuela (Deplazes et al., 2013) and rainfall in the Colombian eastern Andes (this study). 
Note that smaller DO events are wet in Colombia and Venezuela, and large/persistent DO events are dry in Colombia but wet in Venezuela. 
 
